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ABSTRACT

NUCLEAR CONNECTIVITY IN MESENCHYMAL STEM CELL
DIFFERENTIATION AND ITS ROLE IN MECHANOTRANSDUCTION

Tristan P. Driscoll
Robert L. Mauck (Advisor)

Mechanical forces transmitted through the cellular microenvironment are critically
important for tissue development, homeostasis, and degeneration, particularly for tissues
in the musculoskeletal system that play primary load bearing roles. When these tissues
degenerate, their limited healing capacity has lead many to propose tissue engineering
strategies in order to provide functional replacements. While native tissue structural and
mechanical benchmarks are commonly used to quantify and validate outcomes for tissue
engineering and to refine experimental approaches, these same benchmarks have not yet
been extended to the cellular and sub-cellular level. This is true despite the fact that it is
at this length scale where tissue specific mechanotransduction occurs.

With this

motivation, and building on an established biomaterial framework for engineering
fibrocartilagenous tissues, this thesis further refines macro-scale functional benchmarks
and defines new micro-scale benchmarks that are operative at the cellular and subcellular level. In doing so, we identify a number of structural attributes of the cellular
cytoskeleton

and

its

mechanotransduction.

attachments

to

the

nucleus

that

are

important

for

In normal functioning tissues, maintenance of phenotype in
v

mechanically

active

microenvironments

requires

appropriately

tuned

mechanotransduction machinery. Understanding how these sub-cellular mechanoactive
species (including the cytoskeleton, the nucleus, and nuclear connectivity) change with
differentiation and development, as well as their role in mechanical signaling, will be of
primary importance for the success of tissue engineering strategies.
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CHAPTER 1: INTRODUCTION

Fiber reinforced soft tissues function to transmit forces in the musculoskeletal system,
allowing for joint movement, stabilization, and congruent load transfer. The composition
and organization of these tissues is critical for their function, and is regulated by the cells
within. These cells are inherently mechanosensitive, responding to loads transmitted
through the tissue. Thus, normal mechanical loading is critical for the development and
homeostasis of fiber reinforced tissues, while aberrant mechanical loading can induce a
cascade of degenerative changes that eventually results in tissue dysfunction. The limited
healing capacity in these tissues has lead to the development of numerous stem cell based
tissue engineering approaches, which aim to replicate bulk tissue mechanical properties
based on native tissue benchmarks. While this is important for the mechanical function
of these tissues, replication of cellular attributes will be crucial for the long-term
maintenance of these tissues.

Specifically, cellular attributes that regulate

mechanotransduction are of primary importance. Mechanical loads are transmitted from
the structural network of proteins outside of the cell (the extracellular matrix), through
cell adhesions, to the structural network of proteins within the cell (the cytoskeleton),
eventually reaching the nucleus (via transmission through the LINC complex).
Mechanotransduction occurs at each of these levels, often through forced unfolding of
proteins within these networks.

Therefore, appropriate mechanotransduction in

engineered tissues and cells, will likely require replication of the protein networks that
facilitate this multi-scale strain transfer.
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Thus, the overarching goal of this thesis is to quantify both bulk (tissue level) and microscale (cell level) strain transfer in engineered fibrous microenvironments, and to
determine the extent to which this strain transfer regulates mechanotransduction in
mesenchymal stem cells (MSCs) and the native tissue cells they are to replace. At the
bulk scale, transfer of tensile, shear and multiaxial loads are of importance for
appropriate tissue mechanical function, particularly in fibrocartilagenous tissues that are
exposed to these types of loads during activities of daily living. This includes tissues
such as the annulus fibrosus of the intervertebral disc and the meniscus of the knee. At
the micro-scale, the structural attributes of the matrix that cells interact with can regulate
strain transfer to the cell, while within the cell, a number of cytoskeletal and
nucleoskeletal proteins regulate strain transfer through the cell.

Using a variety of

mechanical testing modalities at each of these scales, this work investigates mechanical
aspects of both mesenchymal stem cells and the engineered microenvironments that
regulate their behavior.

Chapter 2 of this thesis provides an outline of the extracellular matrix molecules and
molecular mechanism that regulate strain transfer and mechanotransduction in cells and
tissues. The extent to which tissue composition, structure, and mechanics regulate strain
transmission is described. Providing motivation for this work, the specific mechanisms
by which cells sense mechanical force and the importance of these mechanisms in
development, homeostasis, and disease are discussed. Finally, an overview of current
repair and tissue engineering strategies for damaged or degenerate fibrocartilage are
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described, as well as the extent to which these approaches will likely require an
understanding of the mechanotransduction mechanisms at play.

To assess the bulk and micro-scale strain transfer in engineered environments, a number
of methods were developed or adapted. In chapter 3, these methods are outlined and their
validation and function is described. These methods allow for quantification of bulk and
micro-scale mechanical attributes of engineered matrices and the cells within.

In chapters 4 and 5, the extent to which engineered fibrocartilage is able to recapitulate
native tissue shear and multi-directional mechanical properties is investigated. In this
work, a previously described structural mechanism of inter-lamellar shearing in uniaxial
tension, which acts to stiffen engineered laminates, is validated as functional in biaxial
tension. With time in culture, laminates engineered to have opposing lamellar orientation
(mimicking native annulus fibrosus) displayed increased biaxial mechanical properties
compared to constructs with parallel lamellar orientation. Shear mechanical properties
were found to exceed native tissue values and biaxial mechanical properties approached
those of native tissue. However mechanical non-linearity, a principal functional feature
in native tissues, was found to be lacking in the engineered constructs.

To address the issue of non-linearity in nanofibrous scaffolds, Chapter 6 describes an
approach for patterning crimped structure into aligned scaffolds. This method is able to
significantly increase scaffold mechanical non-linearity, also impacting micro-scale
Lagrangian strains, nuclear orientation and the level of nuclear elongation with stretch.
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Further, these crimped scaffolds increase the ERK1/2 mechanotransduction response in
mesenchymal stem cells with applied stretch.

One of the key regulators of mechanotransduction and transfer of strain to the nucleus is
the actin cytoskeleton and the tension within it.

In Chapter 7, the importance of

cytoskeletal tension in regulating strain transfer to the nucleus is assessed. Additionally,
the role that this cytoskeletal strain transfer plays in the mechanical activation of the
YAP/TAZ pathway with tensile loading is investigated. This work shows that while
some mechanoactive signaling pathways (e.g. ERK signaling) can be activated in the
absence of nuclear strain transfer, cytoskeletal strain transfer to the nucleus is essential
for activation of the YAP/TAZ pathway with stretch.

Based on the results from Chapter 7, which indicated nuclear strain transfer is necessary
for YAP activation with stretch, Chapter 8 addresses the extent to which this strain
transfer and YAP activation is facilitated by the LINC complex components nesprin 1
giant and lamin A/C. Further, this chapter identifies nesprin 1 giant as a regulator of
nuclear height, cellular adhesion size, cellular traction force, and YAP signaling in
response to both substrate stiffness and dynamic tensile loading in MSCs. Comparison to
differentiated fetal, juvenile, and adult fibrochondrocytes indicated that both lamin A/C
and nesprin 1 giant increase with age as nuclear and tissue stiffness increase, surpassing
levels in MSCs.

Interestingly, nesprin 1 giant also regulated the YAP response to

dynamic loading in adult meniscus cells. Fibrochondrogenic differentiation of MSCs by
mechanical loading resulted in changes in nesprin 1 giant. These load induced changes
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were dependent on cytoskeletal contractility and did not occur with differentiation
mediated by the addition of soluble TGF-β3. Changes that occurred with mechanical or
soluble differentiation, increased basal YAP nuclear localization on aligned scaffolds. In
the case of mechanically induced differentiation, the YAP response to loading was
desensitized.

Finally, Chapter 9 summarizes the major findings of this work and describes the
implications for nuclear strain transfer and mechanical signaling in fibrous environments.
Additionally, the limitations of this work are discussed, followed by suggestions of future
directions for this research.
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CHAPTER 2: BACKGROUND

2.1 The ECM, its mechanical components and their organization (structure
function)
The natural extracellular matrix (ECM) provides structure to tissues within the body and
is composed of a dense network of structural proteins and hydrated glycosaminoglycans
that are intricately organized to provide a 3D tissue specific scaffolding. This allows for
cell attachment and proliferation, and guides cellular morphology and differentiation.
The mechanical properties of the ECM are defined by this underlying structure and
composition, which is continuously remodeled by resident cells in response to the local
loading environment. Thus, ECM mechanics can direct cellular processes, which in turn
can regulate ECM mechanics, providing a mechanical feedback mechanism that is vitally
important for both development and homeostasis of tissues within the body. When this
careful balance of remodeling is altered, degeneration and/or disease processes may
ensue, with the same ECM, constructed aberrantly, driving unwanted degradative or
differentiation processes. In the following sections, we identify and describe the primary
constituents of the ECM, describe how these constituents imbue the tissue with
mechanical properties that enable transfer of physiologic loads, illustrate how these
physical forces are transmitted to and through the cell to regulate biologic action, and
finally, how these mechanical signals regulate ECM remodeling and refinement during
development, homeostatic function, and disease.
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2.1.1 ECM mechanical molecules that provide structure
There are numerous ECM molecules that provide structure to tissues and binding sites for
the cells within. These molecules are synthesized, modified, and organized into tissuespecific hierarchical structures by the resident cells.

Each of the numerous ECM

molecules has a specific function, and often this function is to provide resistance to
tensile or compressive forces. The following section will describe the major ECM
molecules, how they are organized, and the mechanical function that they provide to a
tissue.

Collagens:
The most abundant type of molecule in most extracellular spaces is collagen, which
comprises approximately 25% of the dry weight of most tissues. Collagen is primarily
organized into fibrillar structures that are important for resisting tensile loads. Multiple
chemically distinct forms of collagen have been identified, though each is predicated on
the same basic functional unit, a three peptide alpha helical chain stabilized by hydrogen
bonds. These peptide chains have a distinct repeating pattern of Gly-Pro-X or Gly-XHyp where X can be various other amino acids and Hyp is a post-translationally modified
version of proline called hydroxyproline (Bhattacharjee and Bansal 2005). The large
abundance and repeating pattern of the small amino acid glycine is important for the
formation of the very tightly bound alpha helix that is formed. These alpha helices,
known as procollagen, are processed outside the cell to form ropelike fibrils, which
assemble and pack together to form larger cablelike fibers (Figure 2-1A and 2-1B) in the
case of fibrillar collagens (e.g. collagens I-III) (Bornstein and Sage 1980). In other non-
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fibrillar collagens (like collagen IV) these molecules are combined to form a sheet like
meshwork. In general, collagens form very robust structures that resist tensile forces. In
addition to their major mechanical role, collagens also work both alone and in
conjunction with other ECM molecules to direct cell alignment and facilitate transfer of
strain from tissue to cell.

Glycosaminoglycans and Proteoglycans:
Glycosaminoglycans or GAGs form another class of ECM molecules that are important
for tissue mechanical function. These molecules are composed of repeating disaccharide
units, one of which is always an amino sugar, and form unbranched polysaccharide
chains (Figure 2-1C and 2-1D). Often the amino sugar is sulfated, contributing to the
highly negative charge of the GAG molecules. These molecules form stiff non-flexible
chains that are strongly hydrophilic and tend to adopt elongated conformations (Raman,
Sasisekharan et al. 2005). All GAGs except for one (hyaluronan) are covalently attached
to a protein core, forming a proteoglycan. The high density of negative charges in GAGs
attracts cations, such as sodium, and produces a large osmotic swelling pressure in GAG
rich tissues (Buschmann and Grodzinsky 1995). This swelling pressure in combination
with the high density of negative charges, which repel each other, makes GAGs well
suited to resist compressive loads. Thus, tissues that must resist compression (such as
cartilage) are rich in large proteoglycans. Often these molecules work in combination
with collagens, which act in tension to resist the outward swelling pressure in GAG rich
tissues.
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Figure 2-1: Major mechanical ECM components and their structure. Collagen is
formed initially within the cell as alpha helical tropocollagen, which is then
deposited into the extracellular space and further processed by cross-linking into
collagen fibers (A). These fibers combine to form higher order fibrils, which can be
seen by transmission electron microscopy both perpendicular to (B) and in the
direction of fiber alignment (C) (images adapted from (Starborg, Kalson et al.
2013)). These cable like structures are important for resisting tensile loading.
Proteoglycans are composed of sulfated glycosaminoglycans attached to a core
protein that is linked to hyaluronic acid chain (D) forming a brush like structure
that can be observed by atomic force microscopy (E) (image adapted from (Lee,
Han et al. 2013)). The high density of fixed charges in these molecules helps them
resist compressive loading. Elastic fibers contain a central core amorphous of
heavily cross-linked elastin monomers (F), which straighten when stretched. Elastic
fibrils form with an outer microfibrillar shell and can be viewed by transmission
electron microscopy (G) (image adapted from (Kielty, Sherratt et al. 2002) )
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Elastin:
While collagens and GAGs provide resistance to tension and compression, a third
molecule, elastin, is important for enabling large and recoverable elastic deformations,
such as those that occur in skin and blood vessels. This protein is very hydrophobic, due
to the high content of hydrophobic amino acids and very few polar groups. Elastin is
synthesized as a soluble precursor molecule, tropoelastin, and is then heavily modified
and cross-linked. Tropoelastin is deposited onto a preformed template of fibrillin-rich
microfibrils such that mature elastic fibers are composed of a core of amorphous crosslinked elastin and an outer microfibrillar shell (Kielty, Sherratt et al. 2002). In the
unloaded state this amorphous elastin adopts a random coiled confirmation (Figure 21F); this allows the structure to undergo large deformations and to recoil quickly and
completely when unloaded.

Cell binding ECM molecules:
Along with these principle load-bearing ECM molecules there exist numerous smaller
molecules that facilitate the interactions between ECM structural units, as well as
between cells and their ECM. These molecules form a close relationship with the cells
and provide feedback communication through which cells are regulated and which cells
can remodel. A sequence common to most of these cell binding molecules is the peptide
sequence Arginine-Glycine-Aspartic acid (RGD). This peptide sequence allows cell
binding through integrins, a family of cell surface transmembrane receptors that facilitate
cell-ECM connections. Some RGD containing ECM molecules include Fibronectin,
Fibrinogen, Laminin, Tenascin, Vitronectin, Thrombospondin and Entacin (Buck and
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Horwitz 1987, Bourdon and Ruoslahti 1989). Each has specific functions and increased
prevalence in certain tissues, but all are capable of binding other ECM molecules and
contain the cell binding RGD domain. Often, these cell-adhesive ECM molecules also
contain binding sites for growth factors or other signaling molecules, which can be
released or activated with applied mechanical force (Wipff, Rifkin et al. 2007), providing
a matrix level mechanotransduction mechanism that will be discussed further in the latter
sections of this chapter.

In addition to binding RGD containing ECM molecules, cells can bind and interact with
other sites within ECM molecules. There are two main families of receptors that cells
use to bind to ECM molecules, integrins and syndecans (Morgan, Humphries et al. 2007).
Integrins are transmembrane proteins that bind to ECM molecules as sets of
heterodimers, with an alpha and a beta subunit, and can cluster with the help of other
proteins to form large focal adhesions. While 8 of the 24 integrins can bind to the
common RGD sequence found in many ECM molecules, others are able to bind to other
ECM motifs (Humphries, Byron et al. 2006). LDV-binding integrins are able to interact
with an acidic motif that is functionally related to RGD, allowing for additional
interactions with fibronectin, fibrinogen and tenascin. Another set of integrins, known as
A-domain β1 integrins, can directly interact with collagen and laminin. These integrins
bind to collagen using a critical glutamate-containing motif (GFOGER) (Emsley, Knight
et al. 2000). Syndecans are a family of membrane proteoglycans that act as receptors for
ECM molecules and growth factors. These molecules allow cells to snare and interact
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with a wide variety of ECM molecules and can play a critical role in integrin based focal
adhesion formation (Bernfield, Gotte et al. 1999).

2.1.2 Hierarchical structural organization of the ECM
The building blocks of the ECM are organized into an hierarchical structure to provide
distinct mechanical function in tissues. In the case of collagens, procollagen molecules
are extracellularly cleaved and then assembled into larger structures. In the case of tissues
like tendon and ligament, which are subjected to large tensile loads in one preferential
direction, collagen molecules are organized into a highly aligned and interconnected
network to resist these loads. However, in the case of cartilage, which is subjected to
large compressive loads, the collagen molecules resist a GAG induced swelling pressure
in all directions, necessitating a network of fibrillar collagen without a single preferential
alignment.

Thus, ECM hierarchy is highly dependent on both tissue type and the

particular mechanical function of the tissue.

2.1.3 ECM mechanical function
Understanding and describing native tissue mechanical properties is important in
determining how physiologic forces are transmitted through the multi-scale ECM to the
level of the cell to regulate function. These same properties can serve as benchmarks in
the development and validation of novel biomaterials or engineered replacement tissues,
especially in the case of load bearing tissues. Important properties to understand in this
context are the elastic modulus, anisotropy, non-linearity and viscoelasticity of a given
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tissue. These mechanical properties of the ECM can be quantified and described using
solid mechanics (Gurtin 1981).

Elastic Deformations:
When force is applied to a tissue, it elongates in the direction of force application. In
some cases, this deformation is instantaneous and increases linearly as the load is
increased, following Hooke’s law, which can be used to describe many elastic materials:
𝐹
𝑙 + Δ𝑙
= 𝜎 = 𝐸𝜀 = 𝐸
𝑙
𝐴

Where 𝜎 is the stress (force over area) and 𝜀 is the strain (normalized elongation) in the
material. This relationship can be used to determine the material property E, known as
the Young’s modulus of the material (Figure 2-2A). In elastic materials, the applied
deformation can be fully reversed when the load is removed. Under normal physiologic
loading, some tissues act as elastic materials, and recover completely from the applied
deformation when the load is removed. Often, these tissues also display deformation in
the unloaded directions. That is, when a tensile load is applied in one direction, there is a
contraction in the directions perpendicular to that, resulting in a decrease in the crosssectional area of the tissue. This behavior is known as the Poisson effect and the relative
magnitude of these perpendicular strains is referred to as the Poisson’s ratio (νxy) (Figure
2-2D), another material property that is likely important not only for tissue function but
for facilitating the cellular response within a tissue. Tissues that are required to withstand
very large loads in one direction, such as tendons and ligaments, tend to display a very
large Poisson’s ratio because of the highly aligned and crimped ECM structure that is
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required to withstand this intense uniaxial loading (Reese, Maas et al. 2010). This itself
is yet another important mechanical characteristic of tissues and is referred to as
anisotropy.

Figure 2-2: Mechanical attributes important for tissue function. Tissues that are
loaded heavily in a single direction, often display anisotropy (A), or preferential
alignment of ECM molecules in one direction. This results in mechanical properties
that are significantly higher in one direction such that the ratio of stress to strain
(modulus, E) is higher in that direction. Fibrous tissues also often display nonlinearity (B) such that the ratio of stress to strain is not constant. Viscoelasticity is a
common characteristic of hydrated tissues that are exposed to large compressive
loads (C) and results in a time dependent stress-strain response. Another
mechanical parameter that is regulated by tissue structure is the Poisson’s ratio (D).
14

This is defined as the ratio of strains in the perpendicular vs. applied strain
direction. Some tissues stretch while showing very little compression in the
transverse direction. Other tissues, that possess a high degree of anisotropy, can
display very large lateral compressive strains that surpass the applied strain.
Isotropy vs. Anisotropy:
Tissues with a very high degree of alignment in one direction are referred to as
mechanically anisotropic, meaning that they have direction dependent mechanical
properties (Figure 2-2A). In the case of a single fiber direction, these tissues are referred
to as transversely isotropic, meaning they have equal mechanical properties in any plane
transverse to the fiber direction but display different mechanical properties in the fiber
direction. Higher orders of anisotropy also exist in some tissues, with some displaying
multiple levels of transverse isotropy and others displaying distinct mechanical properties
in each direction. Other tissues, which display equal properties in all directions, are
referred to as isotropic. This isotropy or anisotropy is governed by the organization of
the ECM molecules within the tissue and can range from very anisotropic to almost
perfectly isotropic. This organization is important for the mechanical function of a tissue
and can influence the mechanical cues seen by cells. Often this organization can be
altered with increased tissue deformation resulting in strain dependent mechanical
properties, referred to as non-linearity.

Non-Linearity:
Highly aligned tissues often display a crimped or wavy structure in their unloaded
configuration, where the collagen fibers undulate with a defined periodicity. During
early phases of deformation of such tissues, these crimped fibers straighten, followed by
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a phase in which the straightened fibers elongate. This gives rise to a stress versus strain
curve that has two distinct regions (Figure 2-2B). The first region is referred to as the
‘toe’ region that has a lower elastic modulus while the second ‘linear’ region has a higher
elastic modulus. This crimp structure, along with the associated non-linear stress-strain
response is an essential mechanical characteristic that enables tissue to undergo low force
deformations (so that energy expenditures can be minimized) while at the same time
providing for a higher modulus at greater strains (protecting the tissue from undue
deformations).

Viscoelasticity:
Another structural feature of tissues that can regulate the stress-strain response is the
viscoelasticity. Biologic tissues are highly hydrated and often contain fixed negative
charges that are covalently bound to the ECM, especially in the case of proteoglycan rich
tissues such as cartilage. Solids are capable of displaying perfectly elastic material
properties, in that load immediately induces a strain and that this strain is recovered
immediately following the release of load. Tissues however, especially those rich in
water and fixed charges, display time-dependent strain in response to a step load, due to
their viscous water component (Figure 2-2C). Thus, most tissues are referred to as
viscoelastic, displaying properties of both an elastic material and a viscous fluid. The
combination of water and fixed charge in biologic tissues also induces a hydrostatic
pressure within the tissue that can play a critical mechanical role, but also regulates the
cellular deformations within a tissue in a time dependent manner (Screen, Toorani et al.
2013).
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2.2 Multi-scale strain transfer and its regulation of cellular behavior
While the primary purpose for the organization and composition of a tissue is to provide
structure and mechanical function, tissue structure also regulates the manner in which
mechanical signals are transduced to and experienced by cells within. Both the mode and
magnitude of the mechanical load are important for regulating cell behavior, and it is the
transfer of these macro-scale deformations to the micro-scale, where cells reside, which
regulates the cellular response. Additionally, intracellular structures can play a role in
transmission of strain through the cell, affecting the extent to which mechanosensitive
proteins within the cell are activated, and regulating the cellular interpretation of specific
mechanical signals.

2.2.1 Macro scale mechanical signals and their modes/magnitudes

Loading Modes:
The types of mechanical loads that tissues are subjected to can range from relatively
simple unidirectional loading, like those seen in tendon, to more complex
multidirectional loads like those seen in the intervertebral disc (O'Connell, Johannessen
et al. 2007) or the aortic arch (Draney, Herfkens et al. 2002). Common modes of tissue
loading include tension, compression, and shear. The structure and composition of a
tissue are matched to withstand a specific loading environment and the resident cells
respond favorably to ‘normal’ loading of that tissue and unfavorably to ‘abnormal’
loading. Changes in tissue loading boundary conditions and strain mode often lead to
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tissue adaptation. For example, in tendon that is surgically wrapped around bone such
that increased compressive loading occurs, there is tissue adaptation resulting in the
formation of a fibrocartilaginous metaplasia (Wren, Beaupre et al. 2000). Additionally,
in the case of athletes that train to perform repetitive overhead throwing, adaptations to
the shoulder joint and its tendons can occur.

Loading Magnitudes:
The magnitudes of stress and strain a tissue is subjected to are also highly variable, as are
the cellular responses to these signals. In the case of tissues such as tendon and cartilage,
strains on the order of ~50% result in detrimental cellular responses (Legerlotz, Jones et
al. 2013). However, in tissues such as lung, these strains are perfectly normal and
necessary for homeostasis of the tissue (Napadow, Mai et al. 2001, Gutierrez, Suzara et
al. 2003). Often, tissues will remodel to reduce excessive strains (Eberth, Cardamone et
al. 2011) when possible, or will otherwise deteriorate due to failure events (Fung, Wang
et al. 2010) that occur when exposed to excessive strains.

There are numerous examples of tissues that adapt to changes in loading magnitude.
Muscle and bone are two of the most obvious examples, both exhibiting an increase in
tissue mass with increased usage/loading and a decrease when under-loaded. In bone, this
was first described in 1892 by the German anatomist and surgeon Julius Wolf (Frost
1994). These types of changes are often apparent in athletes, such as tennis players that
use a dominant arm, leading to increases in bone and muscle mass in that arm
(Kontulainen, Sievanen et al. 2003). Loading related changes are also obvious in other
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musculoskeletal soft tissues such as tendon and cartilage. For example, in the case of
overloaded tendon, fatigue damage can accumulate with time, leading to decreased
mechanical properties and inducing a cellular remodeling response (Fung, Wang et al.
2010).

The cardiovascular system is also highly regulated by mechanical loading, adapting by
growing or shrinking based on the magnitude of the mechanical signals observed. Major
mechanical signals experienced in the cardiovascular system are the fluid (blood)
hydrostatic pressure as well as the fluid shear stress imposed on cells lining the blood
vessel walls (Chen, Li et al. 1999). It has been shown that with exercise, shear stress can
regulate conduit artery wall thickness (Thijssen, Dawson et al. 2011). Similarly, these
types of changes can occur in disease. In the case of extended hypertension, the increases
in fluid shear are thought to result in fibrotic changes in both cardiac (Heagerty, Aalkjaer
et al. 1993) and renal tissues (Grabias and Konstantopoulos 2014). These changes then
perpetuate the disease state by increasing both vascular resistance and shear stress.
Additionally, increases in loading magnitude in the cardiovascular system can induce
remodeling. For example, when hypertension is induced in a mouse model via aortic
banding, both thickening and stiffening of the aortic wall occurs as an adaptation to the
increased hemodynamic pressures (Eberth, Cardamone et al. 2011).
2.2.2 Transfer from tissue to cell
In addition to the mode and magnitude of strain regulating the cellular response, the
extent to which strain is magnified or attenuated as it is transferred from tissue scale to
cell scale can impact the cellular response (Bruehlmann, Hulme et al. 2004, Screen, Lee
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et al. 2004, Upton, Gilchrist et al. 2008, Han, Heo et al. 2013). Strain transfer is
dependent on both the structure and composition of the ECM. For instance, collagen
fiber sliding can lead to both attenuation and magnification of strains at the cellular level
(Bruehlmann, Matyas et al. 2004).

Additionally, concentrated pockets of ECM

molecules, such as those observed in the knee meniscus, can attenuate strain transfer to
the cells within (Han, Heo et al. 2013). In addition to these structural features regulating
strain transfer to the cells, the specific molecules that cells bind to can play an important
role in regulating how a cell responds to a specific tissue stiffness or specific mechanical
perturbation.

The adhesions that the cell makes to the ECM are crucial in regulating both transmission
of strain through the cell (Maniotis, Chen et al. 1997) and the activation of
mechanosensitive molecules at the cell surface (Chen, Li et al. 1999). Cells interact with
ECM molecules using both integrins and syndecans. Integrins interact with numerous
cytoskeletal elements, allowing for transfer of strain across the cell membrane and into
the structural network of the cell. Different integrins bind to specific ECM proteins that a
cell is in contact with, and can regulate the manner in which a cell interprets a specific
mechanical signal (Seong, Tajik et al. 2013).

2.2.3 Transfer from cell to nucleus/signal output
Once a mechanical signal reaches the cell, it can activate stretch sensitive signaling
molecules at the cell surface or be transmitted deep within the cell through the network of
structural cytoskeletal proteins. There are numerous mechanotransduction pathways that
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mediate the transfer of mechanical signals into changes in biochemical reaction kinetics
and gene expression. Mechanical force applied to the extracellular matrix results in
deformations of the cell adhesions and the cellular membrane, and these deformations
can activate a number of mechanosensitive membrane proteins (Orr, Helmke et al. 2006).
Forces are also transmitted via the cytoskeleton to the nuclear membrane (Maniotis, Chen
et al. 1997) and can result in rapid mechanical activation at sites distant from the cell
membrane (Na, Collin et al. 2008) and within the nucleus (Guilluy, Osborne et al. 2014).
Thus, it has been proposed that changes in nuclear morphology and strain of nuclear
membrane proteins may provide a more direct mechanotransduction pathway centered at
the nucleus (Wang, Butler et al. 1993). Indeed, modulation of nuclear shape results in
significant correlative changes in gene expression (Thomas, Collier et al. 2002). The
nucleus is also considerably stiffer (2-4 fold) than the rest of the cell (Guilak, Tedrow et
al. 2000), and this stiffness can increase as a function of differentiation (Pajerowski, Dahl
et al. 2007). Thus, mechanotransduction in the natural ECM is dependent on a network
of tissue specific strain transfer machinery that regulates transmission of organ level
strains, over multiple length scales, to protein level strains within the resident cells.
Inherent within this system are a number of highly controlled feedback mechanisms
through which cells and matrix inform and direct each other. The first level of activation
occurs at the cell membrane, and can involve opening of stretch sensitive ion channels
(Folgering, Sharif-Naeini et al. 2008), release of signaling molecules (Burnstock 2009),
activation of cell surface receptors (Pan, Ma et al. 2012), or activation of cellular
adhesion sites (Tzima, Irani-Tehrani et al. 2005, Geiger, Spatz et al. 2009). These signals
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are then amplified and propagated through biochemical signaling cascades (Kolch 2005)
that ultimately result in changes in gene expression.

Many mechanosensory elements are located near or within the cell membrane and can be
activated by numerous types of external as well as cell generated forces.

These

mechanosensory events are dependent on both the type and organization of the ECM
molecules through which forces are transmitted and can initiate soluble signaling
cascades within the cytoplasm that eventually result in changes in cellular behavior,
activity, and transcription.

Stretch Sensitive ECM Proteins
There are a number of ECM proteins located near the cell membrane which themselves
have been shown to be stretch sensitive. These proteins can signal through exposure of
cryptic binding domains or through release of bound growth factors with mechanical
deformation.

As mentioned, cells bind to different ECM molecules using different

integrins. In the case of binding to fibronectin, the α5 integrin binding site within
fibronectin is hidden in the absence of tension (Seong, Tajik et al. 2013). However, as
tension builds (with increasing substrate rigidity, for example), this integrin-binding site
is exposed, allowing for activation of focal adhesion kinase (FAK). Interestingly, this is
not the case for the α2 integrin binding site within collagen I. For collagen, integrin
binding and FAK activation occurs independently of collagen tension, and can even
occur when soluble collagen is added to non-adherent cells (Seong, Tajik et al. 2013).
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In addition to mechanosensitive ECM molecules at the cell surface, there are also pockets
of growth factors stored within the ECM near the cell membrane that can be made
available upon cell and/or tissue deformation. These pockets can be activated and
released when cell generated tractions are applied to the ECM, resulting in downstream
activation of cellular surface receptors for these growth factors. One example of this is
the growth factor TGF-β1, which has been shown to form extracellular pockets in
cultured lung myofibroblasts (Wipff, Rifkin et al. 2007). Growth factors can also be
released from the cell itself in response to loading, initiating what is referred to as
autocrine signaling (acting on self) and paracrine signaling (acting on nearby cells).
Pressure applied to vascular endothelial cells causes rapid activation of endothelial
growth factor receptor (EGFR) and ERK 1/2 via release of EGF, which acts in an
autocrine manner to activate cells (Tschumperlin, Dai et al. 2004). In cardiac myocytes,
BMP-2 acts as an autocrine/paracrine factor that activates the transcription factor GATA4 (Tokola, Rysa et al. 2014). Cartilage has also been shown to use autocrine/paracrine
signaling. With pressure induced strain, chondrocytes display increased membrane
potentials that are dependent on the presence of the cytokine interleukin 4 (MillwardSadler, Wright et al. 1999). Often, autocrine and paracrine signaling can induce opening
of ion channels. One of the most studied examples of this is the purinergic signaling
pathway, which involves the release of ATP.

Stretch Sensitive Ion Channels
There are a number of ion channels within the cell membrane that are stretch sensitive,
opening when force is applied. For example, in endothelial cells it has been observed that

23

in response to membrane stretch, applied by a patch electrode, the opening frequency of
calcium channels in the membrane increases (Lansman, Hallam et al. 1987). Calcium
signaling cascades can also be activated through purinergic signaling, under which
stimulated cells release ATP through hemi-channels or vesicular exocytosis. This ATP
can then activate P2 receptors on the cell surface, leading to rapid opening of voltage
activated calcium channels (Burnstock and Ralevic 2014). These calcium signals can then
lead to downstream transcriptional changes via calcium binding proteins such as
calmodulin (Berridge, Bootman et al. 2003).

Piezo channels are a type of ion channel that is mechanosensitive. These are stretch
sensitive non-selective cation channels that open when force is applied to the cell
membrane. Piezo channels are very large transmembrane proteins, predicted to span the
membrane between 30 and 40 times (Volkers, Mechioukhi et al. 2014). In many cells,
these proteins are important for sensing gentle touch stimuli and in others, can provide
sensing of noxious mechanical stimuli (Volkers, Mechioukhi et al. 2014).

These

channels have been shown to be constitutively active in liposomes, indicating that
cytoskeletal proteins are not necessary for their function (Gottlieb and Sachs 2012) but
may be required in order to maintain their mechanosensitivity. Many other stretch
sensitive ion channels, such as ENaC, TRPM4, TRPM7, TREK1, TREK2, and TRAAK
channels are known to be sensitive to membrane tension, and in many cases dependent on
cytoskeletal elements to activate appropriately (Martinac 2014).

Other channels

however, are mechanosensitive even in artificial bilayers that lack cytoskeletal
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components (Brohawn, Su et al. 2014), increasing their opening probability in proportion
to the level of tension applied the membrane.

Membrane proteins can also be sensitive to osmotic changes that cause activation with
mechanical loading. In tissues like cartilage that are rich in proteoglycan and contain a
high density of fixed charges, tissue loading can induce large changes in osmotic stress.
Cells within these types of tissues often express high levels of the transient receptor
potential vanilloid 4 (TRPV4) calcium channel (Phan, Leddy et al. 2009). This particular
channel is highly sensitive to changes in osmolarity, allowing for sensation of mechanical
signals via the changes in osmolarity that they produce (Mow, Wang et al. 1999). In
tissues such as cartilage, this has been shown to be one of the main mechanisms by which
cells sense mechanical signals (O'Conor, Leddy et al. 2014), and signaling through these
channels is indispensible for appropriate tissue homeostasis (O'Conor, Griffin et al.
2013). Additionally, it has been shown that pharmacologic agonists directed at this
channel can stimulate engineered cartilage to produce increased levels of ECM molecules
and improve mechanical properties without the addition of mechanical loading (O'Conor,
Leddy et al. 2014).

Stretch Sensitive Adhesion Complexes
There are also a number of force sensitive molecules that localize to cell-ECM adhesion
complexes (Geiger, Bershadsky et al. 2001). Over the last decade, the specific roles each
of these proteins play has started to come into focus, due in large part to the use of new
techniques such as super resolution microscopy (Kanchanawong, Shtengel et al. 2010),

25

atomic force microscopy (AFM) (del Rio, Perez-Jimenez et al. 2009) and FRET based
molecular force sensors (Grashoff, Hoffman et al. 2010).

Figure 2.3: Cells sense mechanical signals through numerous mechanosensitive
pathways. They probe the mechanics of their ECM environment, using their
contractile actin cytoskeleton to pull on integrin connections to the ECM. At the cell
membrane many proteins can sense mechanical force, including stretch sensitive ion
channels and stretch sensitive adhesion molecules. The contractile cytoskeleton is
also connected to intracellular structures like the nucleus, allowing for transmission
of forces into the cell.
One of the first force sensitive adhesion molecules discovered was focal adhesion kinase
(FAK). FAK is an adhesion scaffolding protein that can also act as a kinase when
phosphorylated by Src family kinases. FAK has many cellular functions and plays a role
in numerous cellular activities. It is located at the base of adhesions, close to the cell
membrane (Kanchanawong, Shtengel et al. 2010), due to its direct interactions with
integrins. FAK can play an important role in the initiation of adhesion formation, but is
not required for adhesions to form (Calderwood, Campbell et al. 2013). Because of
FAK’s close associations with integrins, part of its force sensing ability comes from the
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force dependent unfolding of the fibronectin within the ECM that integrins are bound to.
FAK is also able to bind a number of other adhesion molecules, including Talin, Paxillin,
Grb2, Ezrin, Src and p130Cas (Grigera, Jeffery et al. 2005).

Additionally, FAK

activation can lead to activation of a number of other downstream soluble signaling
pathway, such as the ERK 1/2 MAPK signaling pathway (Franchini 2012).

Another force sensitive adhesion molecule with the ability to bind integrins and regulate
adhesion size and stability is Talin. Talin is composed of a head domain, which binds
phosphoinositide membranes and beta integrins, and a tail domain, which binds to actin
and other adhesion molecules.

The talin molecule itself has been shown to be

mechanosensitive, undergoing conformational changes with applied force that regulate
binding to other adhesion molecules. Specifically, it has been shown in single molecule
AFM experiments that force applied to talin results in at least three independent vinculin
binding events (del Rio, Perez-Jimenez et al. 2009), indicating that talin senses force and
can recruit vinculin when force is applied.

Vinculin is another adhesion complex molecule that can undergo force dependent folding
and unfolding, leading to destabilization or stabilization of adhesions.

Using an

engineered FRET tension sensor that was incorporated into the vinculin molecule, it has
been shown that high tension on vinculin leads to assembly of adhesions and that low
tension on vinculin leads to their disassembly (Grashoff, Hoffman et al. 2010). While
vinculin is not necessary for focal adhesion growth, it is important for coupling of
adhesions to retrograde actin flow and for generation of traction forces on substrates
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(Thievessen, Thompson et al. 2013). Additionally, mutations in the vinculin tail domain
result in much slower disassembly of adhesions when traction force is removed, via the
inhibition of rho kinase. Moreover, loss of this actin binding tail region of vinculin
perturbs the cells ability to repolarize in response to cyclic stretching (Carisey, Tsang et
al. 2013). This indicates that a major role for vinculin is to stabilize adhesions and to
sense when adhesions should be disassembled. It has also been shown that vinculin
recruitment to adhesions is regulated by FAK mediated phosphorylation of another
adhesion protein paxillin (Pasapera, Schneider et al. 2010). Thus, mechanosensing at
adhesions is dependent on a complex interplay between multiple adhesion molecules.

Integrin based adhesion molecules are crucial for cell-matrix adhesions and the
mechanical signaling that occurs through these adhesions. However, another class of
adhesive molecules, known as cadherins, can play a critical role in cell-cell adhesions and
regulate mechanotransduction events that occur between cells that are directly touching.
These cell-to-cell connections are very important in mechanical signaling that regulates
development of tissues (Gumbiner 2005, Harris and Tepass 2010) as well as in the
normal homeostasis of tissues with high cell content. The specificity, strength, and
signaling that occurs through these cell-cell adhesions allows for the formation of
complex 3-dimentional tissue structures through the processes of polarization,
invagination, intercalation, sorting, convergence and extension (Gumbiner 2005). At the
sites of these cadherin cell-cell junctions there are cytoskeletally-connected adhesions
that form and are composed of multiple adhesion molecules. These adhesion molecules
also display sensitivity to mechanical force. For example, in vascular endothelial cells it
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has been shown that a cadherin based complex composed of PECAM-1, VE-cadherin,
and VEGF receptor 2 is essential for the fluid shear stress induced reorientation of cells,
and that this complex plays a role in aortic inflammatory NF-κB signaling in vivo
(Tzima, Irani-Tehrani et al. 2005). Interestingly, some molecules which are traditionally
thought to be mostly important for integrin based mechanosensing, such as vinculin, also
localize in a force dependent manner to cell-cell cadherin based connections, and can
play a role in strengthening these adhesions (Miyake, Inoue et al. 2006, Thomas, Boscher
et al. 2013).

It has also been shown that twisting of magnetic beads coated with

cadherins triggers actin, alpha-catenin and E-cadherin dependent cell stiffening (le Duc,
Shi et al. 2010, Barry, Tabdili et al. 2014). In summary, both cell-cell adhesions and cellECM adhesions can play a critical role in the formation of organized tissues and the
mechanosensing that occurs within tissues. Both types of adhesions are also known to
transmit forces intracellularly, allowing for activation of additional force sensitive
molecules within the cell.

Cytoskeletal mechanotransduction
Once force has been transmitted through the cell membrane via cytoskeletally associated
adhesion molecules, it can be transferred to the cytoskeleton, and on to subcellular
organelles. Force applied to integrin molecules at the cell surface, via RGD coated
magnetic beads, is resisted by the presence of an intact actin cytoskeleton (Wang, Butler
et al. 1993). When actin polymerization is inhibited using cytochalasin D, larger cell
strains are observed for the same level of force (Wang, Butler et al. 1993). Thus,
extracellular forces can be transmitted across the cell surface to the cytoskeleton. Within
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the cytoskeleton there exists another set of mechanosensitive molecules, which can be
activated with stretch. The activation of these molecules is heavily dependent on the
tension within the pre-stressed cytoskeletal network. One such molecule is the tyrosineprotein kinase Src. Using a similar surface bound magnetic bead system, in combination
with a florescent Src activity reporter, it has been shown that force applied to the cell
surface can induce rapid activation of Src at sites deep within the cytoskeleton that colocalize with sites of large microtubule displacements (Na, Collin et al. 2008). This
activation is dependent on the presence of actin filaments as well as tension within those
filaments (Wang, Butler et al. 1993).

Another cytoskeletally dependent mechanosensor is the YAP (Yes-associated protein) /
TAZ (transcriptional coactivator with PDZ-binding motif) complex, which has been
shown to be important for sensing of both substrate stiffness (Dupont, Morsut et al. 2011)
and stretch within a 3D network (Bertrand, Ziaei et al. 2014). These two transcription
factors are activated and translocate to the nucleus on stiff (40kPa) substrates but are not
activated on soft (0.7kPa) substrates. This activation is dependent on the ability of the
cell to spread and exert tension on its microenvironment using the contractile actin
cytoskeleton (Dupont, Morsut et al. 2011). Further, these proteins have been shown to
play a critical role in substrate stiffness dependent stem cell fate decisions. Knockdown
of YAP and TAZ or inhibition of cell contractility prevents osteogenesis induced by stiff
substrates and instead induces adipogenesis (Dupont, Morsut et al. 2011).

Nuclear mechanotransduction
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Numerous mechanosensitive proteins are dependent on the cytoskeleton for activation,
and once force has been transmitted through adhesions and the cytoskeleton, it may
converge at the nuclear envelope to instigate additional signaling processes (Figure 2-3).
While the nucleus is traditionally thought to function solely as the container of for the
cells genome that regulates transcriptional processes, recent findings have shown
additional non-genomic functions that impact the entire cell, including cytoskeletal
organization and function. The nuclear envelope contains a number of cytoskeletal
binding proteins that have been shown to display force sensitivity.

Indeed, the

transmission of this force to the nuclear envelope is dependent on both a patent
cytoskeleton and connections it makes with the cytoskeleton. Physical cytoskeletal to
nuclear interactions were first shown via micromanipulation of subcellular deformations
(Maniotis, Chen et al. 1997). In that work, actin and intermediate filaments were shown
to be necessary for stabilization of the nucleus whereas inhibition of microtubule
assembly decreased nuclear movement when a needle was pulled through the cytoplasm
(Maniotis, Chen et al. 1997). More recently, it has been shown that a class of spectrin
repeat containing structural proteins, known as nesprins, make connections with actin
(Padmakumar, Abraham et al. 2004, Crisp, Liu et al. 2006), intermediate filaments
(Wilhelmsen, Litjens et al. 2005), and microtubules (Roux, Crisp et al. 2009) that are
important for the transmission of strain to the nuclear envelope (Lombardi, Jaalouk et al.
2011).

These nesprin connections to the nuclear envelope make up a complex that is referred to
as the linker of the nucleoskeleton and cytoskeleton (LINC complex) and is composed of
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membrane bound structural proteins that interact with cytoskeletal and chromatin
elements. These proteins include nesprins 1-4, SUN 1-2, lamin A/C, and emerin as well
as a number of others. Nesprins are located in the outer nuclear membrane and make
connections between cytoskeletal elements and SUN proteins. Nesprins 1 and 2 contain
an actin binding calponin homology domain at their N-terminus, enabling connections to
F-actin structures (Zhang, Skepper et al. 2001, Padmakumar, Abraham et al. 2004). SUN
proteins are embedded in the inner nuclear membrane and connect nesprins to the nuclear
lamina (Crisp, Liu et al. 2006).

This nuclear lamina is made up of a number of

intermediate filament proteins including A and B type lamins and emerin (Simon and
Wilson 2011). A number of these LINC complex proteins are force sensitive. Lamin
A/C, for instance, scales with both tissue and nuclear stiffness across multiple orders of
magnitude (Swift, Ivanovska et al. 2013), from the softest tissues, like brain and fat, to
the stiffest tissues, like bone. Furthermore, increases in substrate stiffness change both
the phosphorylation and turnover of lamin A/C (Buxboim, Swift et al. 2014). Another
LINC complex protein, emerin, is phosphorylated in response to force applied through
nesprin 1 to isolated nuclei, and this phosphorylation recruits lamin A/C to the nuclear
envelope, stiffening the nucleus (Guilluy, Osborne et al. 2014). Lamin A/C and emerin
have also been shown to play a role in the previously mentioned YAP/TAZ (Guilluy,
Osborne et al. 2014) and MRTF (Ho, Jaalouk et al. 2013) pathways, indicating that
changes in the LINC complex may provide feedback through cytoskeletal changes that
affect mechanotransduction.
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Because of the fact that the LINC complex forms direct connections to the chromatin
within the nucleus, it has been postulated that forces applied to the nucleus through the
LINC complex may act to directly regulate chromatin structure, resulting in epigenetic
changes in chromatin that regulate gene expression and cell phenotype (Wang, Tytell et
al. 2009, Martins, Finan et al. 2012). Despite the fact that almost every human cell has
two copies of the genome with all the information that gives rise to an organism, histone
proteins organize the DNA within the genome such that specific cellular phenotypes are
produced. Histone proteins can undergo multiple types of modification, which regulate
their structure and function, and include methylation, acetylation, phosphorylation,
ubiquitination, and SUMOylation of lysine residues (Martins, Finan et al. 2012). This
combination of DNA and modified histone proteins can exist in either a lightly
compacted euchromatin state or a more highly compacted heterochromatin state.
Euchromatin is thought to be more permissive to transcription and correlates with regions
of DNA that are actively being transcribed, whereas the dense nature of heterochromatin
makes it less permissive to transcription and correlates with silenced genes. Interestingly,
chromatin structure can be regulated by mechanical cues.

The organization of the

substrate which cells are adherent to regulates both histone deacetylase (HDAC) activity
and histone H3 acetylation state (Li, Chu et al. 2011), with aligned microgroove
substrates inducing more H3 acetylation.

Imposing geometric constraints on cell

spreading area also regulates HDACs, with larger spread areas resulting in lower nuclear
HDAC3 and higher H3K9 acetylation levels (Jain, Iyer et al. 2013). Osmotic mechanical
signals can also alter chromatin density.

Within seconds following hyperosmotic

challenge, chromatin structure is dramatically altered in chondrocytes (Irianto, Swift et al.
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2013). Similarly, force applied to cells using a magnetic bead system induces rapid and
reversible changes in chromatin structure that is dependent on the presence of actin
filaments (Iyer, Pulford et al. 2012). Combined, these results indicate that the nucleus
itself is mechanosensitive, responding to forces transmitted through the actin
cytoskeleton and the LINC complex.

Mechanotransduction in the native tissue environment occurs at multiple scales, requiring
transmission of strain from the tissue level, through ECM molecules to the cells within.
Once mechanical signals reach the cell, mechanosensing events can occur at the cell
membrane or at sites within the cell, as force is transmitted through the cytoskeleton and
to the nucleus. This multi-scale strain transfer is heavily dependent on the composition
and organization of the ECM as well as the boundary conditions of the mechanical loads
that are applied. The mechanosensing that occurs within this multi-scale structure is
important not only for normal tissue homeostasis, but can also play a role in both
development and degeneration of a tissue.

2.3 Mechanical Loading in ECM Development, Homeostasis, and Degeneration

Mechanical loading plays a crucial role both the formation and development of numerous
tissues within the body. Force regulates the formation of strained tissues of the
cardiovascular, pulmonary and musculoskeletal systems such as blood vessel, heart,
kidney, lung, muscle, tendon, cartilage, bone and fibrocartilage (Mammoto and Ingber
2010, Shwartz, Blitz et al. 2013). Additionally, mechanical forces generated by cells play
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an important role in the formation of tissues that see fairly little mechanical loading, such
as brain (Franze 2013), lymphatics (Schwartz and Simons 2012), and mammary glands
(Zhu and Nelson 2013). Mechanical forces are also important for the normal maintenance
of the ECM within tissues, stimulating cells to degrade, produce, and replace old or
deteriorating matrix molecules. Thus, when loading is removed, many tissues undergo
atrophy and deterioration. Overloading can also have detrimental affects, resulting in
structural changes and failure events that lead to degeneration. Additionally, mechanical
factors can play a role in genetic diseases, causing cells to misinterpret mechanical
forces, produce inappropriate mechanical forces, or deposit inappropriately stiff matrix.
Several case examples of loading in development, homeostasis, and disease processes are
provided below.

2.3.1 Development
Temporal control
The developmental process as a whole relies on exquisitely controlled timing of signaling
events, many of which involve the timing at which muscular or cellular mechanical
forces are present. In the case of the lymphatic and cardiovascular systems, for example,
pumping of the heart and movement of fluid is required prior to valve formation, and in
the absence of a beating heart, many valves and vessels will not form (Lucitti, Jones et al.
2007). In the case of the knee meniscus, joint forces applied through the musculature are
required for its formation in the embryo.

When these forces are absent, the knee

meniscus fails to form (Mikic, Johnson et al. 2000) (Figure 2-4A). Additionally, these
muscle forces are important for joint formation. The loss of muscle forces acting on the
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joint results in joint loss at the elbow, shoulder, wrist, metacarpals and hip (Kahn,
Shwartz et al. 2009). This is because muscle forces are required for maintenance of
progenitor cell fate and for disruption of the cell-cell cohesion that occurs at the joint
surface. These forces are also responsible for altering the synthesis and degradation of
ECM components. One such component is hyaluronic acid, which becomes apparent at
the joint line when cavitation is initiated (Craig, Bayliss et al. 1990). High levels of HA
at the joint line are though to promote cell separation by saturating HA binding proteins
on the cell surface, leading to decreased ECM mechanical properties. While these tissue
level forces applied through the musculature are crucial for the formation of complex
tissue structures, there are also cellular forces that are necessary for very early tissue
formation.

Spatial control
Very early in the developing embryo, mechanical connections between cells play a
critical role in the sorting of progenitor cells into the three different germ layers. This
sorting is driven by tissue surface tension, which acts at intercellular membrane
adhesions. Based on different adhesion strengths, cells can separate into groups, similar
to the manner in which liquid drops with different surface energies separate (Steinberg
1963). This cell sorting is dependent on the cadherin connections between cells, with the
surface expression level of cadherin correlating linearly with the tissue surface tension
(Foty and Steinberg 2005). In fact, mixing of two cell populations expressing different
levels of the same cadherin molecule can result in separation of the cells into a core shell
structure, with central region cells expressing high levels of cadherin and outer regions
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cells expressing lower cadherin. Traction forces induced by gradients in growth factor
release can also drive cell sorting. In zebra fish, the different germ layers display
differential actomyosin based cell-cortex tension that is regulated by TGF-β signaling
and is a key factor in progenitor cell sorting (Krieg, Arboleda-Estudillo et al. 2008).
Indeed, many developmental processes require cellular traction forces (Mammoto and
Ingber 2010).

Once cells have been sorted, many tissue structures are formed by folding and dorsal
closure events that occur within a sheet of cells. Folding events are initiated by cells that
constrict their apical membrane while expanding their basal membrane. This involves
local myosin enrichment at the apical membrane and is dependent on cytoskeletal force
generation (Sawyer, Harrell et al. 2010). Many soluble factors can play a role in this
process, by regulating actomyosin based cellular contractility. This includes transcription
factors such as Snail and Twist, which can induce collective cell contractions that are
important for invagination (Martin, Kaschube et al. 2009). This can also include growth
factors, like bone morphogenetic protein 2 (BMP2), which is important for appropriate
ventral folding morphogenesis. Loss of BMP2 expression prevents foregut invagination
and results in aberrant heart positioning (Gavrilov and Lacy 2013).

Following

invagination many tube like structures are formed through dorsal closure events. These
are cytoskeletally driven changes in tissue shape, which cause cells within a sheet to
come within close proximity of each other. Cells are then able to reach out towards each
other with filipodial protrusions, closing the gap and fusing the tissue (Jacinto, Wood et
al. 2000).
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Cellular mechanical forces continue to be important as organs begin to form in the later
stages of embryonic development. Bone and cartilage formation are both regulated by
mechanical signals. Externally applied compressive loading of the rat ulna suppresses
longitudinal growth by decreasing mineralization in the growth plate and increasing the
size of the hypertrophic zone (Ohashi, Robling et al. 2002). In the developing kidney,
fluid shear forces promote epithelial movements that are necessary for nephron formation
in zebrafish (Vasilyev, Liu et al. 2009). These fluid forces are also important for the
development of the aorta. When these forces are increased by artery ligation, chick
embryos display increased type I and III collagen content that results in higher aortic
mechanical properties (Lucitti, Visconti et al. 2006). In the developing mouse lung, loss
of muscle contraction in the diaphragm induced by loss of the MyoD gene leads to
pulmonary hypoplasia (Inanlou and Kablar 2003). This is the result of reduced lung cell
proliferation and loss of the thyroid transcription factor-1 (TTF-1) gradient. Together,
these results indicate that the mechanical forces experienced by cells within the
developing embryo are important for organ formation, and that abnormal mechanical
signals can cause severe developmental defects.

2.3.2 Homeostasis
Once a stable tissue has been developed, maintenance of this complex structure requires
constant cellular input. Cells are continually breaking down and replacing molecules
within the ECM, and this process is heavily dependent on mechanical input. Without
appropriate mechanical input many tissues atrophy, degrading their structure and
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mechanical properties, making them prone to injury. This is because, in heavily loaded
tissues, cells make decisions for ECM remodeling based on these mechanical inputs.
Some well-known examples of this are muscle and bone. In cases where muscle is not
used for extended periods of time, due to immobility or casting of a joint, the muscles
associated with that joint will degrade both their structure and force generating
capabilities and the bones will often lose bone mass and density (Krasnoff and Painter
1999). This is also observed in astronauts, who display reduced bone and muscle mass
after extended time in space (Carmeliet, Vico et al. 2001, Lang, LeBlanc et al. 2004).
Tendon is also sensitive to loss of loading. Muscle inhibition has been shown to quickly
decrease the expression of the tendon transcription factor scleraxis and results in
decreased mechanical properties (Maeda, Sakabe et al. 2011) (Figure 2-4B and 2-4C). In
the cardiovascular system, constant remodeling driven by mechanical factors is necessary
for appropriate function.

In cases where fluid flow in a vessel is blocked, vessel

regression will quickly occur (Brownlee and Langille 1991, Meeson, Palmer et al. 1996,
Baffert, Le et al. 2006). With extended bed rest, it has been observed that patients
display reduced cardiac filling, stroke volume, and cardiac output (Krasnoff and Painter
1999). As is true with many tissues, when inappropriate mechanical loading (due to over
or under loading) or inappropriate mechanosensing (due to genetic mutations) occurs,
degenerative processes often ensue.

2.3.3 Degeneration
Many degenerative processes can be induced or perpetuated by mechanical loading. This
can include degenerative changes caused by a single or multiple overloading events, but
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can also be the result of inappropriate mechanical sensing by cells. Overloading events
can induce immediate degradative and inflammatory cellular responses, but can also
cause a slow progression of degenerative changes over a period of years, whereby cells
exposed to super-physiologic loading respond by gradually remodeling the surrounding
matrix. In the case of some diseases, where genetic mutations are involved, cells may
deposit matrix that is inappropriately organized or composed, resulting in abnormal
mechanical properties.

In other cases, where cellular mechanosensory proteins are

mutated, mechanical loading results in an inappropriate cellular response to load.

Overloading
Overloading can occur as the result of quick hyperphysiologic loads which induce large
strains and lead to rupture of both ECM molecules and the cells embedded within,
causing cell death and matrix degradation through release of matrix degrading enzymes.
In the case of cartilage, rapidly applied stresses that reach 20-50 MPa cause rupture of
matrix and extensive cell death in the superficial layer of cartilage (Lewis, Deloria et al.
2003). Isolated chondrocytes are able to withstand ~75% compressive strain before
membranes rupture (Nguyen, Wang et al. 2009). However, the isolated chondrocyte
membrane alone only has an elastic range of 3-4%, beyond which rupture occurs (Moo,
Amrein et al. 2013). This discrepancy is due to the fact that chondrocytes are able to
protect themselves from strains using a membrane reservoir, which extends when strain is
applied, but is limited and dependent on the strain rate (Moo, Amrein et al. 2013). In the
case of ligaments, cells respond to higher than normal strains (12-14%) by increasing
matrix metalloproteinase activity. Specifically, the amount and activity of MMP-2 is
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increased when these strains are applied to cells isolated from human anterior cruciate
ligaments (Zhou, Lee et al. 2005). Less extreme hyperphysiologic loading over extended
periods of time can also cause degenerative changes. In the case of tendon, overuse
injuries are common in athletes. In particular, runners are prone to overuse injuries of the
Achilles (Lorimer and Hume 2014) and overhead throwers are prone to overuse injuries
in the rotator cuff tendons (Rizio and Uribe 2001). Normal loading is important for
stimulating tendon cells to maintain the surrounding ECM. However, fatigue loading of
tendons leads to fiber kinking and widening of the interfiber spaces (Fung, Wang et al.
2010) and can also cause tendon cells to express inflammatory cytokines, such as
interleukin-6 (Legerlotz, Jones et al. 2013).

Figure 2-4: Mechanical loading regulates the development, homeostasis and
degeneration of tissue extracellular matrix composition and function. In the
developing meniscus, loading forces through the musculature are necessary for the
formation of the tissue (A) (image adapted from (Mikic, Johnson et al. 2000)).
Without this loading the meniscus does not form. In mouse tendon, muscle loading
is necessary for maintenance of expression of the tendon transcription factor
scleraxis (B,C) (adapted from (Maeda, Sakabe et al. 2011)). Without these muscle
forces scleraxis expression is lost and the tendon ECM is not appropriately
maintained, losing mechanical structure and function. Mechanical loading can also
induce degenerative changes. In a mouse muscle model of hypertrophy, banding of
the aorta results in fibrotic changes and an increases in aortic size due to alterations
in mechanical forces sensed by endothelial cells (D,E) (adapted from (Eberth,
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Cardamone et al. 2011)). This results in an increase in collagen I deposition and
altered biaxial mechanical properties.
The cardiovascular system is also prone to chronic overloading induced changes in the
ECM, brought about by resident cells. Cells within the cardiovascular system respond to
both fluid shear stress and circumferential stretching induced by the pressure within the
system. Blood pressure is regulated mainly by the diameter of smaller resistance arteries,
which lead in to the capillary beds. When blood pressure is elevated, the cells within
these resistance arteries contract so that blood flow is kept constant in the downstream
capillaries. However, in a disease state, where blood pressure remains elevated for
extended periods of time, these cells will remodel arterial walls, thickening the wall so
that the increased tension can be resisted (Folkow 1993). This can eventually lead to
changes in the compliance of the wall and compromises vessel elasticity (Intengan, Deng
et al. 1999), preventing the system from responding to quick changes in pressure. This is
likely due to the accumulation of collagen, since the collagen content is increased in
arteries of hypertensive patients (Intengan, Deng et al. 1999) and in animal models of
hypertension (Intengan, Thibault et al. 1999, Eberth, Cardamone et al. 2011) (Figure 24D and 2-4E). These changes in structure can also induce changes in flow pattern, often
exacerbating the flow irregularities that occur at vessel bifurcations (Malek, Alper et al.
1999) and leading to increased expression of inflammatory mediators (Li, Haga et al.
2005).

These sites also show an increased likelihood of developing atherosclerotic

lesions, composed of lipids and necrotic cores with cholesterol crystals and calcification
(Li, Haga et al. 2005). In addition to overloading causing disease related changes in
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ECM structure and composition, many genetic diseases manifest in a similar manner, due
to the inappropriate mechanosensing that these mutations can induce.

Diseases
Many diseases are the result of disruption in the multi-scale force transmission between
the ECM, the cytoskeleton and the interior of the nucleus (Jaalouk and Lammerding
2009). Defects in mechanotransduction caused by inherited or acquired mutations often
elicit changes in ECM composition and structure, resulting in disease. Additionally,
mutations that directly perturb the ECM can alter mechanical forces acting on cells, often
resulting in pathologies.

In the cardiac system, there are over 400 different mutations that have been identified,
which cause cardiomyopathy (Barry, Davidson et al. 2008). Most of these mutations
occur in genes that code for structural proteins within the cardiac cell, causing
inappropriate mechanosensing and reduced force generation (Barry, Davidson et al.
2008). This leads to compensation through hypertrophy. In the kidney, mutations in
polycystins 1 and 2 result in loss of primary cilium mediated calcium signaling (Nauli,
Alenghat et al. 2003). This leads to the formation of fluid filled cyst within the kidneys
and loss of kidney function in what is referred to as polycystic kidney disease.

In the musculoskeletal system, muscular dystrophies occur when forces generated by the
sarcomeres are inappropriately transferred to the ECM because of mutations in the
dystrophin-associated protein complex at the plasma membrane (Heydemann and
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McNally 2007), which normally works to shield the cell membrane from excessive stress.
These mutations make cells prone to membrane damage and causes excessive ERK1/2
MAP kinase activation with stretch (Kumar, Khandelwal et al. 2004). Eventually, these
diseases lead to the progressive degeneration of muscle.

Mutations in cytoskeletal

proteins such as desmin, titin and myosin can also result in muscular dysfunction, likely
due to the impact they have on cellular mechanics and mechanosensing (Hoshijima
2006). Interestingly, muscular dystrophies can also be caused by mutations in proteins of
the nuclear envelope. Specifically, mutations in lamin A/C, emerin and nesprins can
disturb intracellular structure and force transmission, inducing muscular degeneration.
With lamin A/C mutations that are known to cause Emery-Dreifuss muscular dystrophy,
cells exhibit fragile nuclei, decreased nuclear mechanics, and reduced activation of
mechanosensitive genes with stretch (Lammerding, Schulze et al. 2004). Loss of another
nuclear envelope protein, emerin, has been shown to result in increased strain-induced
apoptosis and reduced mechanosensitivity despite their normal nuclear mechanical
properties (Lammerding, Hsiao et al. 2005). Additionally, mutations in the family of
nuclear envelope proteins that connect the nucleus to the cytoskeleton (nesprins) can
induce a variety of diseases, including two types of Emery Dreifuss muscular dystrophy
(EDMD-4 and EDMD-5) (Zhang, Bethmann et al. 2007) as well as dilated
cardiomyopathy (Puckelwartz, Kessler et al. 2010). These diseases often manifest in
tissues that are highly mechanically active, resulting in defects in muscles, joints, and
bones (Attali, Warwar et al. 2009).
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Alterations in cell and ECM mechanics have also been observed to play a critical role in
the development and progression of cancer (Jaalouk and Lammerding 2009).
Cytoskeletal reorganization is one of the key changes in tumor cells that develop invasive
phenotypes (Huang and Ingber 2005). The Rho family of GTPases often drives these
changes through regulation of cytoskeletal tension (Sahai and Marshall 2002). The tumor
environment itself can also induce cytoskeletal changes, since it is often remodeled to
have higher ECM stiffness than the surrounding tissue. In mammary tumor cells, stiff
matrices allow clustering of integrins and elevated Rho-ROCK-dependent cytoskeletal
tension (Paszek, Zahir et al. 2005). This disrupts cell-cell junctions and enhances ERK
and FAK signaling, allowing for increased cell proliferation. Inhibition of ROCK or
ERK signaling can prevent this malignant phenotype. Thus, ECM stiffness is an
important regulator of tumor growth that is sensed through ROCK and ERK
mechanotransduction pathways.

2.4 Tissue Engineering of Fiber Reinforced Soft Tissues
2.4.1 Injury and Degeneration of Fiber Reinforced Soft Tissues
Of the many tissues that are governed by mechanical loading and degenerate with age,
fiber reinforced tissues of the musculoskeletal system are particularly problematic due to
their low vascularity and limited healing capacity. In particular, fibrocartilages like the
meniscus of the knee and the annulus fibrosus of the intervertebral disc often become
injured or degenerate with age, requiring surgical intervention.

Current meniscal

treatment strategies most commonly involve removal of damaged tissue via partial or
total meniscectomy. While this approach can alleviate symptoms, the long-term affects
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are detrimental to knee joint function, often accelerating induction of osteoarthritis of the
knee (Andersson-Molina, Karlsson et al. 2002). This is due, in large part, to alterations in
contact area and contact stresses that occur in the joint when meniscus tissue is removed
(Baratz, Fu et al. 1986).

Because of this, a number of surgical techniques have been

adopted in an effort to repair the meniscus and restore joint mechanics. These include:
suturing and stabilizing the tears (Rodeo 2000), biodegradable fixation devices (Kesto,
Esquivel et al. 2013), or total meniscal allograft (Rath, Richmond et al. 2001).
Unfortunately, these treatment strategies usually result in only partial restoration of joint
mechanics, and are often susceptible to mechanical failure (Rath, Richmond et al. 2001,
Kesto, Esquivel et al. 2013).

In the intervertebral disc of the spine, degeneration also

commonly occurs, leading to alterations in tissue structure and mechanics that are often
symptomatic (Bogduk 1991).

Similarly, treatment commonly involves removal of

damaged tissue (discectomy). This is often followed by fusion of the adjacent vertebral
segments (Deyo, Gray et al. 2005). While this strategy does alleviate symptoms, normal
spine mechanics are not restored, and increased loading in adjacent discs can lead to
further degeneration (Levin, Hale et al. 2007).

2.4.2 Tissue Engineered Fibrocartilage Replacements
Because of the issues with current treatment strategies for degenerate fibrocartilage
tissues, there is a clinical demand for regenerative therapies. Many recent approaches
have focused on engineering replacements. These types of strategies aim to enable
permanent restoration of biomechanical function, avoiding the issues with artificial
replacement (e.g. wear debris and limited lifespan). As is true for regeneration of any
46

load bearing tissue, a primary goal in these studies is to replicate the structure and
mechanical function of the tissue (Nerurkar, Elliott et al. 2010). Given that both the disc
and the meniscus are exposed to complex multi-directional loading, this mechanical
function will likely require validation of construct properties under multi-directional and
shear loading. Despite this, the majority of tissue engineering studies to date have
focused on validation of engineered constructs based simply on biochemical content and
unidirectional (compressive and tensile) mechanical properties (Bowles, Williams et al.
2009, Nerurkar, Baker et al. 2009, Bowles, Gebhard et al. 2011, Baker, Shah et al. 2012).
There is a need to recapitulate not only uniaxial modulus, but also shear and biaxial
mechanical attributes. Additionally, many fiber reinforced tissues show highly non-linear
mechanical behavior and this non-linearity is important for their mechanical function. In
the Chapters 4, 5 and 6 of this thesis are focused on quantifying and attaining these more
complex mechanical attributes.

A wide variety of scaffolding materials have been developed for fiber-reinforced tissue
engineering applications (Sommerlath and Gillquist 1993, Klompmaker, Veth et al. 1996,
Sato, Asazuma et al. 2003, Shao and Hunter 2007, Ballyns, Wright et al. 2010, Bowles,
Gebhard et al. 2011). Commonly, these materials possess a fibrous structure, which
provides anisotropic mechanical properties (Baker and Mauck 2007). These scaffolds
can be composed of woven or non-woven meshes of synthetic or biologic fibers. Fiber
directionality is commonly instilled in order to facilitate the directed matrix deposition
necessary for recapitulation of anisotropic tissue structure and mechanical function. One
scaffold fabrication technique that is particularly promising is the polymer processing
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technique referred to as electrospinning.

Electrospinning has been applied to both

synthetic and natural polymers, allowing for fibers to be formed with diameters ranging
from 50 nm up to several microns in diameter. In this process a polymer solution is
extruded from a spinneret charged to very high voltage at a constant flow rate. The
application of high voltage results in charge buildup, which causes the polymer
molecules in the expelled solution to repel each other to the point that they overcome the
surface tension of the solution. This results in emission of the polymer in the form of a
fine jet, which can be collected on a grounded surface. Modification of this technique
allows for fiber alignment to be instilled, by collection of polymer fibers on a rotating
mandrel (Figure 2-5A and 2-5B). This alignment is able to direct the alignment of
adherent cells (Figure 2-5C). Further, this alignment has been shown to direct the
alignment of cell deposited matrix molecules, providing a promising method for
fabrication of engineered fibrocartilagenous tissues with near native mechanical
properties (Baker and Mauck 2007, Nerurkar, Baker et al. 2009).

Figure 2-5: Schematic of electrospinning setup used for fabrication of aligned
nanofibrous scaffolds (A). Scaffolds display highly aligned fibrous structure when
viewed by scanning electron microscopy (B, scale = 20um) and are able to direct the
alignment of adherent cells (C). Image depicts staining of F-actin (phalloidin, green)
and nuclei (DAPI, blue) in mesenchymal stem cells (scale bar = 50um).
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2.4.3 Mechanical Regulation of Fiber Reinforced Soft Tissues
While a number of novel tissues engineering strategies show great promise for
engineering fibrocartilagenous replacements, a complete understanding of the cellular
mechanotransduction machinery within these constructs will be crucial for their success
in dynamically loaded environments. As described above, multi-scale strain transfer, and
the cellular response to this strain, is critically important for development (Mikic,
Johnson et al. 2000) and homeostasis (Maeda, Sakabe et al. 2011) in these tissues.
Additionally, inappropriate mechanical signaling often results in degeneration and
disease. One important regulator of mechanotransduction is the structural network of
proteins within the cell. These elements transmit force through the cell and activate
stretch sensitive molecules within.

Cells that exist in native fibrocartilage have

mechanotransduction machinery that is exquisitely adapted and tuned for normal
function. However, in tissue engineering applications, sources for native tissue cells are
often limited, requiring other cell sources for construct fabrication. Mesenchymal stem
cells are one such cell source that has shown promise, particularly for engineering of
musculoskeletal tissues (Singh, Onimowo et al. 2014). Mesenchymal stem cells display
multi-lineage differentiation potential, and this differentiation is heavily regulated by
mechanical factors (McBeath, Pirone et al. 2004, Engler, Sen et al. 2006, Baker, Shah et
al. 2011). Despite this, the majority of tissue engineering studies have not focused on the
mechanical signaling in the cell types that are used, which will be important for their
long-term stability in dynamically loaded environments. In chapters 7 and 8 of this
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thesis, a number of structural and mechanical aspects of the cell, which are important for
mechanotransduction in these microenvironments, are investigated.

CHAPTER 3: DEVICE AND METHODS DEVELOPMENT

3.1 Intro
To investigate the Aims outlined in this thesis, a number of methods and devices were
developed or adapted.

In this chapter, these approaches will be outlined and their

validation and application demonstrated. This includes methods used for mechanical
testing of tissue-engineered constructs at the macro-scale, visualize of strain transmission
to the micro-scale, and additional methods for quantifying and perturbing cell mechanical
attributes at the micro-scale. The overarching goal in developing these methods was to
allow for quantitative mechanical comparisons between native and engineered
cells/tissues at both the macro (bulk ECM) and micro (cytoskeletal and nuclear) scales.
The bulk ECM analysis allows for mechanical comparisons to native tissue benchmarks,
while the micro-scale analysis provides insights into the necessary structural and
mechanical features of the cells within and helps to establish new benchmarks at this
level. In engineering replacement tissues, particularly those that are heavily loaded,
replicating mechanical attributes at both of these scales will likely be necessary.

3.2 Biaxial and Shear testing of Engineered Constructs
Previously, our lab developed methods for engineering fiber-reinforced tissues including
both the meniscus of the knee and the annulus fibrosus of the intervertebral disc (Baker
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and Mauck 2007, Nerurkar, Baker et al. 2009, Baker, Shah et al. 2012). Both of these
tissues are important for appropriate joint load transfer and function, requiring them to
undergo multi-directional loading as the joint bends or twists. Despite this mechanical
requirement, the majority of fibrocartilage tissue-engineering studies (including our own)
have focused on the replication of biochemical content and uni-directional tensile or
compressive properties (Bowles, Williams et al. 2009). Since both shear and biaxial
mechanical properties are important for the function of these tissues (Nerurkar, Elliott et
al. 2010) quantification of these properties in engineered constructs provides a means for
assessment of function in these varied loading modalities.

Shear mechanical testing was performed using a setup developed in the Elliott lab and
attached to an Instron 5848 (Jacobs, Smith et al. 2011). This setup allows for application
of simple shear to a sample while simultaneously acquiring images of the speckle coated
surface for analysis for optical strain analysis.

Samples are gripped using custom

aluminum fixtures, which are submerged in a PBS bath (Figure 3-1A). Testing protocols
were adapted from Jacobs et al 2011, and two different sample aspect ratios were tested
for each sample orientation to determine the efficiency of shear transfer. Samples were
speckle coated with black enamel paint to allow for texture correlation and then loaded
into the bath. The micrometer driven stage allowed for application of a 1% tensile prestrain on the sample, which was held for 5 min. Samples were then preconditioned in
shear to +/-10° for 20 cycles at 0.05 Hz and then ramped at a rate of 3° per minute to
γ=10° (Figure 3-1B). Images of the sample were acquired every 5 seconds throughout
the ramp and used for calculation of average Lagrangian shear strains in the sample using
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Vic2D (Correlated Solutions, Columbia, SC). Strain measurements were also taken at
10% intervals across the sample in order to evaluate strain homogeneity for each aspect
ratio.

This method was used for the assessment of shear properties of engineered

scaffolds in Chapter 4.

Figure 3-1: Mechanical Testing Setups. Image of the shear mechanical testing setup
(A) developed by Jacobs et al with schematic of strain angle (γ) applied (B) (setup
image adapted from (Jacobs, Smith et al. 2011)). Image of the biaxial mechanical
testing device (C) depicting the sample attached via hooks and silk sutures to pulleys
mounted on motor driven load cells (setup image adapted from (Szczesny, Peloquin
et al. 2012)). Preliminary biaxial mechanical testing results for the 1:1 test in the X1
and X2 direction of an opposing bilayer grown for 6 weeks. Plotted is the stress
52

(MPa) vs. time (s) for a test running in optical strain control. The first set of 4 cycles
is shown in green and the second set of cycles (after a 1 hour rest) is shown in blue
with a ramp to failure in the 4th cycle to ensure linear region modulus calculation.
Biaxial mechanical testing was performed using a custom biaxial mechanical testing
machine built in the Elliott lab (O'Connell, Sen et al. 2012, Szczesny, Peloquin et al.
2012) (Figure 3-1C). This device allows for samples to be strained in biaxial tension
within a PBS bath using optically measured strains to control displacements. Real-time
feedback of surface displacements allows for application of specific strains in both
sample directions. However, this requires some optimization of the feedback parameters
based on the specific sample mechanical properties. Strains were applied using four
hooks attached to each edge of the sample and secured to pulleys on the biaxial device
via 2-0 braided silk sutures. Four strain markers were attached in the middle 50% of the
sample with cyanoacrylate and used for real-time Lagrangian strain control. Preliminary
experiments were performed on aligned electrospun scaffolds oriented with the primary
fiber direction at 30° from the first principal axis of loading.

This allowed for

optimization of both strain regime to be tested and feedback parameters for optical strain
application. The ability to load in two directions simultaneously allows for multiple
loading ratios, which span the physiologic range, to be tested. As such, testing was
performed to sub-yield strains so that multiple tests with different strain ratios could be
performed on the same sample. In preliminary experiments, samples were pre-strained to
1% at 0.01% strain/sec and then cyclically strained at to 3, 4, or 5% strain 4 times with a
1:1 strain ratio at 0.075% strain/sec. The sample was allowed to rest for 1 hour and this
same test was repeated to determine if yield had occurred and to determine if multiple
tests could be performed on the same sample. In this second test, the fourth ramp was
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run to failure in order to determine if the linear region of the stress-strain curve was being
reached.

These tests showed that 4% strain allowed for repeatable testing to be

performed that reached the lower end of the linear region without inducing yield (Figure
3-1D).

Thus, this testing protocol was validated and chosen for testing of tissue

engineered annulus fibrosus laminates in Chapter 5.

3.3 Micro-tensile Device for Tracking and Quantification of Nuclear Deformation
In order to track and analyze nuclear deformation in live cells, a microscope mounted
tensile device was developed. This device allows for cell seeded electrospun scaffolds to
be quickly loaded into a pre-warmed, optically transparent, media bath containing
phenol-free DMEM with HEPES.

A raised platform allows for quick gripping of

samples with a set gauge length of 50mm (Figure 3-2 A-C). Samples that have been
stained with Hoechst (10ug/ml for 10 min) are gripped in the device and imaged as strain
is applied. Dual-stepper motors allow for application of equal displacement to each end
of the sample so that cells in the center of the sample can be imaged and tracked at 20X
magnification. Cells are stretched in 3% increments (1% / second) to 15% strain with
images acquired at each strain level. Post-processing (described in the next section) is
performed in MATLAB and allows for calculation of normalized nuclear deformations
and inter-nuclear Lagrangian strains.

Device validation was performed using both bulk Lagrangian surface strains using Vic2D
analysis of speckle coated scaffolds and inter-nuclear Lagrangian strains of cell seeded
scaffolds. Additionally, a second set of grips was built that allows for fixation of the
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lateral edges of the scaffold (Figure 3-3A). Fixation of the lateral edges allows for
reduction of lateral scaffold contraction that occurs due to the large (1.2-1.4) Poisson’s
ratio of these highly aligned and highly porous materials. Both surface strain analysis
(Figure 3-3B) and inter-nuclear strain analysis (Figure 3-3D) showed that strains in the
stretch direction reached close to the applied strain and that very large compressive
strains occurred in the perpendicular (X2) direction.

Figure 3-2: Micro-tensile Device. Micro-tensile device setup for quantification of
nuclear deformation. A raised setup platform (A) allows for quick loading of
scaffolds into grips (B) using a single screw on each side. Sample is then flipped (C)
into a media bath and secured into the tensile device on an inverted microscope (D).
Dual stepper motors driven by a USB controller allow for tracking of single cells
with strain (E).
Fixation of the lateral edges significantly reduced these compressive strains (Figure 33B,D Fixed). Nuclear deformation was observed to gradually increase as the applied
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strain increased (Figure 3-3C). Interestingly, this fixation also significantly reduced the
nuclear deformation (Figure 3-3C). These results indicated that this device can be used
to apply accurate scaffold strains and that these strains induce nuclear deformation that
can be tracked at high resolution in single cells. Additionally, this data indicates that the
Poisson’s ratio of the scaffold plays a significant role in nuclear deformation, and that
restriction of scaffold lateral contraction can reduce the nuclear deformations observed.

Figure 3-3: Lateral grips allow for restriction of lateral compression (A). Surface
strain analysis of speckle coated scaffolds (Vic2D) (B). Quantification of nuclear
deformation based on changes in nuclear aspect ration (NAR) for free vs. fixed
boundary conditions (C, n= 17-39 cells/group). Quantificaiton of Lagrangian
strains for triads of nuclei on scaffolds (D). E11 indicates strain in the stretch
direction and E22 indicates shear perpendicular to this direction (# p<0.05).
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3.4 Analysis Software for Deformation and F-Actin
Nuclear deformations and inter-nuclear Lagrangian strains are quantified using
MATLAB. For nuclear deformations, Hoechst images are sequentially loaded (in strain
order) and nuclei are detected using the canny edge detection algorithm, which identifies
edges based on gradients in signal intensity. These edges are then dilated, filled, and
grouped into objects for each image. The point selection tool is then used to match nuclei
in sequential images, so that normalized deformations and Lagrangian strains can be
calculated. Each object (grouping of pixels for each nucleus) is subjected to principal
component analysis, similar to the method developed by Baker et al (Nathan, Baker et al.
2011, Baker, Shah et al. 2012). This gives the first and second eigenvectors, the first of
which indicates the orientation and magnitude (length) of the first principal axis of the
nucleus and the second of which gives the orientation and magnitude of the second
principal axis. The ratio of these two nuclear lengths (long axis / short axis) is calculated
as the nuclear aspect ratio (NAR) similar to that used by Stella et al (Stella, Liao et al.
2008). These nuclear aspect ratios can then be normalized to the initial nuclear aspect
ratio for that specific cell.

Thus, this measurement gives quantification of nuclear

deformation, and is a combination of deformation observed in both directions (elongation
in stretch direction and compression in the lateral direction). When different treatments
are applied to the cell, a nuclear deformation index (NDI) can then calculated for each
experimental group by normalizing nuclear deformation at each strain level to the mean
deformation observed for the control group at that same strain level. To calculate this
index, the average nuclear deformation (nNAR, nuclear aspect ratio normalized to
undeformed state) is calculated at each strain level. These averages are then used to
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normalize the nuclear deformation at each of the 5 strain levels (i=1-5) to the associated
deformation in the control group at that strain level using the following formula:

𝑵𝑫𝑰   =   

𝒏𝑵𝑨𝑹𝑻𝒊 − 𝟏 − 𝒏𝑵𝑨𝑹𝑪𝒊𝑨𝒗𝒆 − 𝟏
∗ 𝟏𝟎𝟎
𝒏𝑵𝑨𝑹𝑪𝟏𝟓%𝑨𝒗𝒆 − 𝟏

Where i indicates the applied strain level (3, 6, 9, 12, 15%), T indicates treatment group,
C indicates control group, and Ave indicates average at that strain level.

Local Lagrangian strains can also be calculated using triads of nuclei as fiducial markers
at each strain level to ensure consistent local deformations across scaffolds and
experimental conditions. First, the displacements for each point are calculated based on a
reference image. These displacements are then used to calculate the deformation gradient
tensor F:

𝑭𝒊𝒋 = 𝒅𝒙𝒊 𝒅𝑿𝒋

Where x indicates the deformed point locations, X indicates the undeformed locations,
and i and j indicate the principal directions. This tensor can then be used to calculated the
Lagrangian strain tensor E:
𝟏
𝑬𝒊𝒋 =    𝑭𝑻 𝑭 − 𝑰
𝟐
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Components of this tensor give the two-dimensional strains in the two principal
directions as well as the shear strain.

Another metric used, which is useful for determining changes in F-actin near or
interacting with the nucleus, is quantification of F-actin in the projected area of the
nucleus. This analysis uses similar methods to edge detect nuclei in epi-fluorescent
images (Figure 3-4B). These outlines are then used as a mask to crop the associated
actin images. The total F-actin signal in this area is then summed and normalized to the
nuclear area to give average actin intensity in the projected area of the nucleus (Figure 34 B).

Figure 3-4: Image analysis methods. (A) Nuclear deformation and micro-scale
Lagrangian strains can be calculated from triads of nuclei in a deformed (x) and
undeformed configuration (X). Nuclear deformation is calculated based on changes
in the nuclear aspect ratio (NAR). (B) F-actin intensity in the area of the nucleus is
calculated by edge detection of the DAPI. This outline can then be used to crop the
actin signal in the region of the nucleus. (C) YAP staining quantification is
performed by calculating a ratio of the YAP signal in the region of the nucleus
(green region) divided by the YAP signal in the cytoplasm (red region). These
outlines are determined from staining of the nucleus (DAPI) and the actin
cytoskeleton (Phalloidin).
The nuclear outline is also used for quantification of the nuclear and cytoplasmic levels
of YAP/TAZ. Images of cells stained for YAP/TAZ, F-Actin (phalloidin) and nuclei
(DAPI) are quantified (Figure 3-4 D) by taking the average YAP signal intensity in the
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area of the nucleus (using the DAPI outline) divided by the average signal intensity in the
area of the cytoplasm (F-Actin outline). This ratio provides a quantitative metric for
YAP localization in the cell.

3.5 Multi-Well Dynamic Tensile Bioreactor
In order to assay the mechanobiologic response to short-term and long-term dynamic
tensile loading, we developed a multi-well tensile loading bioreactor system based on a
previously developed device designed by Brendon Baker (Baker, Shah et al. 2011). The
original design allows for loading of a single group at a time. In order to load multiple
groups/media conditions simultaneously, we adapted this device to a multi-well format
(Figure 3-5A). This device uses a linear actuator (Bi-slide, Velmex MN10-0050-E01LR) that moves two platens simultaneously in opposite directions and is driven by a large
liquid cooled (Koolance, Exos-2) stepper motor (Velmex, PK296-03AA-A6-3/8). This
allows it to be run in a CO2 and temperature controlled incubator (Figure 3-5B) without
changing the environmental conditions. Mounted to the platens are two modified T-bars,
which connect to 4-sets of grips that are submerged in a 4 well tissue culture dish (Nunc).
This allows for simultaneous loading of up to 4 groups of 4 scaffolds within isolated
media chambers. The device is controlled using a stepper motor controller (Velmex,
VXM-1) connected via USB to a laptop computer.

This allows for application of

sinusoidal displacements of frequencies up to 5Hz and strains up to 10%.

For

experiments, cell seeded scaffolds were loaded to 3% strain at 1Hz. This was chosen
based on previous studies in which this loading was shown to enhance the maturation of
cell seeded constructs (Baker, Shah et al. 2011). These types of loads were previously
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validated in aligned scaffolds and shown to result in elastic and recoverable deformations
for upwards of 200,000 cycles with only modest (~6%) decreases in stiffness (Baker,
Shah et al. 2011).

Figure 3-5: Multi-well dynamic tensile bioreactor allows for simultaneous loading
of up to 4 groups isolated in separate media chambers (A). Liquid cooled heat sink
allows for extended loading in a temperature and CO2 controlled incubator.
3.6 Lentiviral Vectors for Knockdown of LINC Complex Proteins
To assess the importance of specific components of the LINC complex, lentiviral vectors
were developed and verified. Knockdown of LINC complex components was performed
using miR RNAi delivered using a lentiviral vector based system (Block-it Lentiviral Pol
II miR RNAi Expression System with EmGFP, Invitrogen). Lamin A/C was knocked
down using a BLOCK-iT Pol II miR validated miRNA control vector and a non-targeting
control vector miR-neg Control was used as a control for all experiments involving
knockdown. Three nesprin 1 giant vectors were designed and the miRNA sequence that
resulted

in

the

highest

levels

of

knockdown

was

used

(N1G

sequence:

TGCCGAGGACCTTCATCTTCT). Vectors were synthesized using miRNA sequence
containing oligos that were annealed and ligated into pCDNA6.2-GW/ Em-GFP. miRNA
containing cassettes were then transferred to pLenti6/V5-DEST via Gateway cloning
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reaction and sequenced prior to viral production in HEK293FT cells. Virus (media
supernatant) was tittered by infection of MSCs and selection for blasticidin resistance (at
14 days) or analysis of %GFP positive cells (at 4 days) using a flow cytometer
(FACSCaliber, Beckson Dickson, with CellQuest Pro software). For all experiments,
cells were infected with virus overnight. Four days post infection cells were trypsinized
and re-seeded on glass, polyacrylamide gels, tissue culture plastic, or aligned electrospun
scaffolds for assays. Knockdown was verified by dot blot for nesprin 1 following 1MDa
size filtration (Figure 3-6A) or by western blot and immunostaining for lamin A/C
(Figure 3-6B and 3-6C).

Figure 3-6: Verification of nesprin 1 giant knockdown by dot blot for nesprin 1
following 1MDa size filtration of whole cell lysate (A) (mean +/-SD n=3/group).
Verification of lamin A/C knockdown by immunostaining of lamin A/C (B) and
western blot for lamin A/C (C).
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CHAPTER 4: FIBER ANGLE AND ASPECT RATIO
INFLUENCE THE SHEAR MECHANICS OF ORIENTED
ELECTROSPUN NANOFIBROUS SCAFFOLDS
4.1 Intro
Fibrocartilages are distributed throughout the body and play critical roles in motion and
load transmission across joints.

These dense connective tissues are typified by an

organized and hierarchically distinct collagenous structure.

For example, the knee

meniscus, which transmits loads from the femur to the tibia, is composed of highly
organized collagen bundles that pass circumferentially through the semi-lunar tissue and
provide for its mechanical anisotropy in tension (Proctor, Schmidt et al. 1989, Petersen
and Tillmann 1998, Setton, Guilak et al. 1999). Likewise, the annulus fibrosus (AF) of
the intervertebral disc of the spine resists tensile, compressive and shear loading as
motion occurs between two adjacent vertebral bodies. The AF is composed of alternating
±30° layers of aligned collagen fibers embedded in a non-fibrillar matrix of hydrated
proteoglycans (Hickey and Hukins 1980, Cassidy, Hiltner et al. 1989).

Proper

mechanical function of both the intervertebral disc and the meniscus is dependent upon
this structure and composition (Humzah and Soames 1988, Fithian, Kelly et al. 1990),
however, both are compromised in the pathologic transformations associated with tissue
degeneration. Current treatments such as meniscectomy (for meniscus) and discectomy
and spinal fusion (for AF) aim to relieve pain but are not ideal due to their inability to
restore function and their tendency to accelerate degeneration in the joint and/or adjacent
discs (Levin, Hale et al. 2007, Harrop, Youssef et al. 2008).
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Tissue engineering strategies present a promising alternative that could allow for
regeneration of these fibrous structures and restoration of native tissue structure and
function. Indeed, many groups have explored generation of whole meniscus (Chiari,
Koller et al. 2006, Kelly, Robertson et al. 2007, Ballyns, Gleghorn et al. 2008), disc
analogues (Mizuno, Roy et al. 2006, Nesti, Li et al. 2008, Nerurkar, Sen et al. 2010), and
disc substructures (Baer, Wang et al. 2001, Sato, Kikuchi et al. 2003, Wilda and Gough
2006, Chou, Akintoye et al. 2009, Gruber, Hoelscher et al. 2009) with a variety of
materials and starting cell populations. Due to the large and multi-directional forces
experienced by these tissues in vivo, a successful engineered construct must resist
considerable load magnitudes (i.e., multiples of body weight) under tensile, shear, and
compressive configurations (Vadher, Nayeb-Hashemi et al. 2006, Nerurkar, Elliott et al.
2010). For instance, circumferential tensile stresses in the AF (due to pressurization of
the nucleus pulposus under axial spinal loads), are often combined with torsional motion
of the spine, which generates direct shearing of the AF. The microstructural organization
of the native AF is well suited to withstand this loading environment. Accordingly, a
structurally motivated tissue engineering strategy may be necessary in order to generate a
construct that is functionally commensurate with the native tissue when subject to the full
range of loading modalities present in vivo.

To specifically address the structural basis of function in engineered tissues, our group
and others have employed aligned nanofibrous scaffolds formed by electrospinning
(Nesti, Li et al. 2008, Yang, Kandel et al. 2008, Gruber, Hoelscher et al. 2009).
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Electrospinning is a scaffold fabrication process in which ultra-fine polymer strands are
formed by the electrostatic drawing of a polymer towards a collecting surface (Li, Tuli et
al. 2005, Mauck, Baker et al. 2009). Collection of fibers on a rotating mandrel generates
aligned scaffolds (Li, Mauck et al. 2007). Furthermore, these nanofibrous scaffolds
direct meniscus (Baker and Mauck 2007), AF (Nerurkar, Elliott et al. 2007) and
mesenchymal stem cell (MSC) (Nerurkar, Baker et al. 2009) alignment and subsequent
matrix deposition, recapitulating tissue micro-architecture (Nerurkar, Baker et al. 2006,
Nerurkar, Elliott et al. 2007). With time in culture after cell seeding, single-lamellar
constructs can match mechanical properties of native meniscus (Baker, Nathan et al.) and
AF (Nerurkar, Mauck et al. 2008, Nerurkar, Baker et al. 2009) when evaluated in tension.
These findings suggest that nanofibrous assemblies that mimic the anisotropic and
hierarchical structure of the native tissues direct tissue formation and match several key
mechanical benchmarks.

While these data suggest promise for this approach to fibrous tissue engineering, the
shear properties of such constructs have not yet been evaluated. Thus it is not yet clear
whether these nanofiber-based tissue constructs can withstand the considerable shear
stresses incurred in vivo. Indeed, despite the importance of this loading modality in many
tissues, no engineered AF or meniscus construct has been evaluated in shear, and only a
small number of studies have quantified the shear properties of the native meniscus and
AF (Anderson, Woo et al. 1991, Zhu, Chern et al. 1994, Iatridis, Kumar et al. 1999,
Fujita, Wagner et al. 2000, Jacobs, Morelli et al. 2010). Due to the practical difficulty of
applying pure shear to a sample, most AF and meniscus shear testing has been performed
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on cylindrical, cuboidal, or planar samples under compressive or tensile pre-strains. Of
these, simple shear of planar samples is appealing because the application of tensile prestrains allows for combined fiber stretch and shear as it occurs in situ. For such a
configuration, however, finite element studies of ligament have shown that sample aspect
ratio is an important determinant of the strain field, which can be heterogeneous across a
sample with magnitudes considerably lower than the applied strain (Gardiner and Weiss
2001). This is an important consideration for the AF and meniscus, where sample aspect
ratio is limited by tissue geometry. Additionally, the effects of fiber orientation and fiber
stretch on shear properties is difficult to assess in native tissue (Cassidy, Hiltner et al.
1989, Petersen and Tillmann 1998). If the shear properties of an engineered meniscus or
AF construct are to be deemed adequate, comparisons need to be made to native tissue
values.

Thus, the objective of the present study was to quantify the effects of fiber angle and
sample aspect ratio on the shear properties of aligned electrospun scaffolds, and to
determine how extracellular matrix deposition by resident MSCs modulates the measured
shear response.

Using experimentally measured material properties, a finite element

model was constructed to determine the effect of aspect ratio and fiber orientation on the
shear strain distributions within these nanofibrous assemblies.

Next, scaffolds with

varying fiber angle were tested in simple shear with two different aspect ratios in order to
compare experimentally measured and model predicted strain distributions.

Finally,

samples with an aspect ratio similar to AF shear testing studies were seeded with MSCs
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and assayed for functional growth (shear mechanics and biochemistry) with time in
culture.

4.2 Materials and Methods
4.2.1 Scaffold Fabrication
Aligned nanofibrous poly(ε-caprolactone) (PCL) scaffolds were fabricated by
electrospinning as described previously (Baker and Mauck 2007, Nerurkar, Elliott et al.
2007). Briefly, a 14.3% w/v solution of PCL (Bright China, Hong Kong, China) was
prepared in a 1:1 mixture of tetrahydrofuran and N,N-dimethylformamide (Fisher
Chemical, Fairlawn, NJ). This solution was ejected via syringe pump at 2.5 mL/h
through a spinneret charged to +13 kV. Fibers were collected for 6 hours on a grounded
rotating mandrel with a surface velocity of 10 m/s. This resulted in a scaffold sheet of
~600 µm thickness from which rectangular samples (3 x 16 mm and 8 x 14 mm) were cut
with their long axes oriented at angles of 0°, 30°, 45°, 60° and 90° with respect to the
prevailing fiber direction (Nerurkar, Elliott et al. 2007).

Samples were stored in a

desiccator until mechanical testing or cell seeding.

4.2.2 Shear Mechanical Testing
A custom simple shear testing device was used to measure the shear properties of
scaffolds and engineered constructs. Details on device development and validation are
provided in (Jacobs, Morelli et al. 2010). Briefly, the shear device was designed as an
attachment to an Instron 5848 (Canton, MA) electromechanical testing system. Samples
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were placed horizontally between two serrated grips, with one grip attached to the Instron
vertical actuator and the other attached to a vertical post mounted on the base-plate of a
tank filled with phosphate buffered saline. A horizontal micrometer driven stage was
incorporated into the tank to allow for application of tensile pre-strains in the horizontal
direction. A mounting track was employed to align and load samples into the removable
grips prior to insertion into the bath. Two load cells were incorporated into the system: a
5 N load cell on the vertical axis to measure shear loads and a 9.8 N submersible load cell
(model 31 submersible, Honeywell, Minneapolis, MN) on the horizontal axis to measure
tensile loads generated during pre-strain and shearing.

Prior to mechanical testing, sample cross-sectional area was measured using a custom
laser device (Guerin and Elliott 2007). Samples were then speckle coated with black
enamel paint to allow for texture correlation strain analysis (below) (Nerurkar, Han et
al.). Samples with two different X:Y aspect ratios were investigated (Figure 4-1). Gripto-grip distances for 2:1 and 1:2 aspect ratios were 6 mm and 4 mm, respectively.
Samples were loaded into the device with fibers oriented oblique to the X-direction by an
angle θ, as depicted in Figure 1A. A 1% tensile pre-strain (Figure 4-1A) was applied
along the X-direction and held for 5 minutes. Samples were next preconditioned in shear
to ±10° for 20 cycles at 0.05 Hz and then ramped at a rate of 3° per minute to 10°.
Images were captured by digital camera (Basler, Exton, PA) every 5 seconds throughout
the ramp and used to determine the average Lagrangian shear strain (Exy) for the middle
50% of the sample (Figure 4-1B) using Vic2D texture correlation software (Correlated
Solutions Inc., Columbia, SC). Shear stress was calculated as the measured shear force
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divided by the cross-sectional area. Apparent shear modulus was calculated from the last
25% of the strain ramp for the stress-strain curve. The deformation gradient tensor was
determined from surface deformations and used to calculate fiber stretch, which was
defined as the ratio of deformed to undeformed length along the direction of scaffold
fiber alignment. Additionally, strain measurements were taken at 10% intervals across
the samples using sets of 4 points (Figure 4-1B) to evaluate strain homogeneity at the
peak of the strain ramp.

Figure 4-1: Schematic representation (A) for coordinate system, pre-strain (1%)
and shear loading with force F to 10° for samples with aspect ratios of 2:1 and 1:2
and with changing fiber angle Θ. Strain marker positioning (B) shown on specklecoated 1:2 sample for modulus calculation (red) and strain homogeneity analysis
(red and blue).
4.2.3 Modeling
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Finite element (FE) modeling was performed in order to predict strain distributions for
samples with varying fiber orientations and aspect ratios. This was accomplished using
the COMSOL3.5a structural mechanics module (COMSOL, Burlington, MA) with an
assumption of plane stress. The scaffold was taken to be linearly elastic and transversely
isotropic, which required five independent mechanical properties (Ex = 28 MPa, Ey = 3
MPa, vxy = 0.4, vyz = 0.2 and Gxy = 1.6 MPa).

These values were determined

experimentally (Heo, Nerurkar et al. 2011). The material axis was defined using a
second material coordinate system that was rotated by the angle θ = 30°, 60° or 90° about
the z-axis so that each experimentally tested fiber orientation could be captured via the
same five input parameters. Shear was applied with a prescribed displacement boundary
condition in the global coordinate system. Solutions were visualized as contour plots of
the shear strain (Exy) and strains along the centerline were used for comparison with
experimental results.

4.2.4 Cell-Seeded Construct Culture and Analysis
Cell-laden constructs were formed by seeding electrospun scaffolds with MSCs and
culturing under pro-fibrochondrogenic conditions for up to 12 weeks (Baker and Mauck
2007, Baker, Nathan et al.). MSCs were isolated from the femurs and tibiae of two 3-6
month old calves within 12 hours of slaughter, as described previously (Mauck, Yuan et
al. 2006, Huang, Yeger-McKeever et al. 2008). Cells were expanded on tissue culture
plastic in basal medium (high glucose DMEM containing 1% penicillin, streptomycin,
fungizone and 10% fetal bovine serum) to passage 2. Scaffolds with fiber orientations of
0°, 45° and 60° were sterilized and rehydrated using decreasing concentrations of ethanol
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(100, 70, 50, 30%, 1 hour/step) and then washed for 1 hour in PBS. Scaffolds were then
incubated in 20 µg/mL fibronectin in PBS for 16 hours and washed again with PBS prior
to seeding (Nerurkar, Baker et al. 2009). Scaffolds were seeded and cultured in nontissue culture treated six-well plates. Each scaffold received 50 µL of cell solution (1 x
107 cells/mL) on one side followed by a one hour incubation at 37 °C. The opposite side
of each scaffold was then seeded with another 50 µL of cell solution and incubated for an
additional two hours. Each well was then filled with 4 mL of basal media, which was
replaced after 24 hours with 4 mL of a chemically defined media (DMEM, 0.1 mM
dexamethasone, 40 µg/mL L-Proline, 100 mg/mL Sodium Pyruvate, 1% Insulin,
Transferrin, Selenium/Premix, and 1% penicillin, streptomycin and fungizone
supplemented with 10 ng/mL Transforming Growth Factor-β3). Chemically defined
media was replaced twice weekly for the duration of the study.

At 4, 8 and 12 weeks, samples were removed from culture and subjected to simple shear
testing (as above) followed by biochemical analyses (n = 5/orientation/time point).
Following mechanical testing, dry weight was measured following 24 hours
lyophilization, and samples digested with papain (Baker and Mauck 2007).

Total

glycosaminoglycan and DNA content were determined using the 1,9-dimethylmethylene
blue (DMMB) dye binding assay and the PicoGreen assay, respectively, and each were
normalized to the sample dry weight (Baker, Nathan et al.).
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4.2.5 Statistics
The effect of fiber orientation on shear modulus was evaluated by one-way analysis of
variance with Tukey’s post hoc test, with significance set at P < 0.05. Comparisons of
shear modulus were made between fiber orientations for a given aspect ratio.
Additionally, comparisons of shear modulus for cell-seeded constructs were made
between time-points.

Pearson’s comparison was performed for linear correlation

between fiber stretch and shear modulus with goodness of fit represented as R2 values
and significance for deviation from zero set at P < 0.05. Samples with fiber stretch less
than 1.0 (fiber compression and buckling) were not included in the linear correlations.

4.3 Results
4.3.1 Strain Homogeneity
Based on previous theoretical models and anatomic constraints on native tissue sample
geometry, two different aspect ratios were evaluated, 1:2 or 2:1 with respect to the gauge
length. Finite element analysis showed that samples with a 1:2 aspect ratio had a more
homogeneous distribution of shear strain for each fiber orientation (Figure 4-2).
Moreover, predicted peak shear strain values for the 1:2 condition were very close to the
0.088 applied shear strain (Figure 4-2). In addition to their dependence on aspect ratio,
predicted shear strain magnitudes and distributions were dependent on the fiber
orientation of the scaffold. This variation was most noticeable for the 2:1 aspect ratio,
where the peak strain decreased as the fiber angle increased. For the 2:1 aspect ratio, the
0° model attained strain in central regions of ~0.08 (compared to the 0.088 shear strain
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applied to the boundaries), while for samples with fiber directions of 60° and 90°, central
strain decreased to ~0.04 (Figure 4-3A). Modeling of the 1:2 aspect ratio showed less
variation in the magnitude of strain in the central region, with all orientations displaying
strain magnitudes close to the 0.088 applied strain (Figure 4-3C).

Figure 4-2: Finite element analysis of planar samples in simple shear with different
aspect ratios (2:1 and 1:2) as a function of varying fiber orientation (0°, 30°, 60°,
90°). Surface plots depict Lagrangian shear strain (E12).
When these two configurations were evaluated experimentally through surface analysis,
measured strains were similar to those predicted by the FE model (Figure 4-3). Overall,
the observed strains for the 1:2 aspect ratio were larger and more homogeneous than
those observed for the 2:1 aspect ratio. The experimentally measured shear strain was
normalized to the applied shear strain and plotted as a function of marker location
(Figures 4-3B and 4-3D). For the 2:1 aspect ratio, the magnitude of the measured strains
decreased considerably as the fiber angle increased, and the 60° and 90° samples had
very low strains across the entire scaffold expanse (Figure 4-3B).

The FE model

successfully predicted this inhomogeneous strain distribution as well as the changing
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strain magnitudes as fiber angle increased for 2:1 samples (Figure 4-3A). For the 1:2
aspect ratio, strains at the top and bottom edges of the samples were low and the strains
became less homogeneous as the fiber angle increased (Figure 4-3D). The magnitude
and distribution of these experimentally measured strains also corresponded well with the
model-predicted strains for this 1:2 aspect ratio (Figure 4-3C).

Figure 4-3: Model predicted (A,C) and experimentally measured (B,D) and strain
distribution across electrospun scaffolds in the Y direction along the centerline for
samples with a 2:1 (A,B) and 1:2 (C,D) aspect ratio. Grey region indicates the
relatively homogeneous strain region that was used for calculation of shear
modulus. Strain is normalized to the applied strain (Exy = 0.088). Experimental
results indicate mean ± SEM (n=5 per Θ).

4.3.2 Orientation and Aspect Ratio Dictate Measured Shear Properties
The shear modulus was next computed from mechanical tests, using the average shear
strain in the middle 50% of each sample. The apparent shear modulus of scaffolds was
dependent on the sample aspect ratio. For the 2:1 aspect ratio, fiber orientation had an
effect on the apparent shear modulus only for the 30° samples compared to 0° and 60° (P
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< 0.05; Figure 4-4A). In contrast, for the 1:2 aspect ratio, the apparent shear modulus of
the 30°, 45° and 60° samples were all significantly higher than the other fiber orientations
(P < 0.05; Figure 4-4B).

Figure 4-4: Experimentally measured apparent shear moduli samples with a 2:1 (A)
or 1:2 (B) aspect ratio. * = P < 0.05 between indicated fiber angles. Results indicate
mean ± SD (n = 5 per Θ).
Observed fiber stretch corresponded well with the apparent shear modulus. The 2:1
samples had a significantly higher fiber stretch (P < 0.05) for the 30° orientation, and
likewise had a higher apparent shear modulus (Figure 4-5A). However, because little
fiber stretch was observed in all other fiber orientations for this aspect ratio, the
correlation of fiber stretch with the apparent shear modulus was not significant and the
slope was not different from zero (R2 = 0.22, slope = 30.3 ± 15.1, P = 0.064, Figure 45B). Conversely, the 1:2 aspect ratio samples had higher fiber stretch ratios, which were
dependent on fiber orientation (Figure 4-5C). Moreover, there was a strong correlation
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between fiber stretch and apparent shear modulus (R2 = 0.51, Figure 4-5D), with a slope
that deviated significantly from zero (slope = 83.6 ± 19.9, P < 0.001).

Figure 4-5: Experimentally measured fiber stretch ratios (A,C) for samples with a
2:1 (A-B) or 1:2 (C-D) aspect ratio with correlation plots of shear modulus vs. fiber
stretch (B,D). Open circles indicate samples with fiber stretch less than 1 which
were not included in the regression analysis. * = P < 0.05 between indicated fiber
angles, ** = P < 0.05 compared to 0°, 60° and 90°. Results indicate mean ± SD (n = 5
per Θ).
4.3.3 Shear Properties of MSC Seeded Constructs
The 2:1 aspect ratio was chosen for cell seeded experiments so that comparisons could be
made with native AF and meniscus tissues, where sample size is limited by anatomical
shape. Samples with θ = 0°, 45° and 60° fiber orientations were chosen due to their
relevance to the physiologic shearing of the meniscus and intervertebral disc that occurs
with load bearing. From 0 to 12 weeks, the apparent shear modulus for θ = 45° samples
increased by ~30% (P < 0.05; Figure 4-6A). Increases for θ = 0° and 60° constructs
trended upwards (P < 0.12). DNA content and s-GAG content did not significantly vary
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between fiber orientations, and so data was pooled for 0°, 45° and 60° samples. DNA
content per dry weight decreased significantly from week 4 to weeks 8 and 12 (P < 0.05,
Figure 4-6B), while s-GAG content increased significantly over this same time course (P
< 0.05, Figure 4-6C).

Figure 4-6: Functional growth of MSC-laden constructs with fiber angles of 0°, 45°
and 60°. Experimentally measured apparent shear moduli (A), DNA content per
dry weight (DW) (B) and s-GAG per dry weight (C). # = P < 0.05 compared to
unseeded scaffold (0 weeks), ## = P < 0.05 compared to 4 weeks. Results indicate
mean ± SD (n = 5 per Θ per time point).
4.4 Discussion
Dense fibrocartilaginous tissues such as the knee meniscus and the AF of the
intervertebral disc present considerable challenges for tissue engineering and regenerative
medicine. The low cellularity and vascularity of these tissues in the adult limits intrinsic
repair, while the ordered structure defines precise mechanical functionalities that are
difficult to reproduce in synthetic implants. Oriented electrospun nanofibrous scaffolds
prescribe cell, and subsequently, matrix directionality. These biomaterials recreate
several key attributes of fiber-reinforced tissues, including mechanical anisotropy in
tension.

When seeded with cells, these constructs mature in vitro and match key

mechanical benchmarks, including a near-native uniaxial tensile modulus (Mauck, Baker
et al. 2009). However, fibrocartilages are exposed to dynamic and multi-directional loads
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(including compression and shear) in vivo, and successful implementation of an
engineered replacement tissue will likely also require mechanical functionality in this
context.

To address this, the present study evaluated the properties of aligned

nanofibrous electrospun scaffolds with varying aspect ratios and fiber orientations in
simple shear. Fiber orientation was analyzed given its physiologic relevance and direct
correlation with tensile properties (Nerurkar, Elliott et al. 2007), while aspect ratios were
considered given past findings of shear strain inhomogeneity in oriented tissues such as
tendon and ligament (Gardiner and Weiss 2001).

Alterations in shear properties were

also evaluated as a function of matrix deposition for mesenchymal stem cell seeded
constructs.

Fiber orientation and sample aspect ratio significantly influenced the

response of scaffolds in shear and, with time in culture, the shear modulus of MSC laden
constructs increased.

In addition to their potential for directing tissue formation for replacement of degenerate
disc and meniscus, nanofibrous scaffolds also serve as useful analogs for understanding
structure-function relationships in fiber-reinforced materials, and in constructs as they
change with matrix deposition (Nerurkar, Sen et al. 2010) or with or material degradation
(Baker, Nerurkar et al. 2009). Within both acellular and cell-seeded scaffolds, one can
readily alter a number of structural parameters, including the degree of fiber dispersion
(Li, Mauck et al. 2007), the connectivity between fibers (Kidoaki, Kwon et al. 2005), and
fiber orientation with respect to testing direction (Nerurkar, Elliott et al. 2007). These
parameters are difficult or impossible to precisely control using native tissue samples,
given constraints of samples size, matrix organization, and composition. In addition to
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control of structural parameters, relatively simple linear and transversely isotropic finite
element models can be used to describe deformation of these nanofibrous scaffolds under
varying boundary conditions and sample sizes with good fidelity. For example, in this
study, measured and predicted shear strain distributions in oriented scaffolds
corresponded very well with one another. This is further confirmed by the finding of a
maximum shear strain in samples of ~50% of applied shear for 90o samples, consistent
with (Gardiner and Weiss 2001). These findings indicate, as shown previously for
uniaxial tension (Nerurkar, Mauck et al. 2008), that shear deformations of these scaffolds
can be modeled using continuum assumptions.

Having validated the shear testing methods for this study, we next determined the shear
modulus of oriented scaffolds across a range of fiber angles and aspect ratios. For these
studies, shear strain was captured in the inner 50% of the scaffold width (Figure 4-1B),
where strains were most homogenous, regardless of aspect ratio. Results demonstrated
that both aspect ratio and fiber orientation influence the apparent shear modulus. For
samples with a 2:1 aspect ratio, only one orientation (30o) resulted in an increased
apparent shear modulus relative to other orientations. Conversely, for the 1:2 aspect
ratio, apparent shear modulus of samples with orientations of 30o, 45o, and 60o were
higher than 0o or 90o. Computation of fiber stretch from surface strain measurements
helps to explain these findings: i.e., when minimal fiber stretch occurs, little directiondependence is observed in the apparent shear modulus, while when fiber stretch is
maximized, apparent shear modulus increases. For example, the 2:1 samples showed
increased fiber stretch only for the 30o samples, which had a higher apparent shear
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modulus. In the 1:2 aspect ratio samples, where fiber stretch was high for all off-axis
orientations, correspondingly higher apparent shear moduli were measured.

Given the translational potential of these scaffolds for meniscus and AF repair, it is also
useful to compare their measured properties to those reported for native tissue. Native
annulus fibrosus has a shear modulus of 200 – 500 kPa (Fujita, Wagner et al. 2000,
Jacobs, Morelli et al. 2010). These values are for AF samples with multiple lamellae
oriented at ±30° with respect to the shearing direction. This would correspond to 60°
samples tested in this study, which had an apparent shear modulus of ~2,500 kPa as
acellular scaffolds, and increased to ~4,000 kPa with time in culture as single-layer MSCseeded constructs. The addition of a second layer with -60° fiber orientation would most
likely decrease the apparent shear modulus as it would increase the cross sectional area
but provide a layer undergoing no fiber stretch. Like the AF, the meniscus shear modulus
ranges from 100 – 400 kPa (Anderson, Woo et al. 1991, Zhu, Chern et al. 1994).
Shearing in the meniscus would correspond to the 0° samples tested in this study, whose
shear moduli were ~2,500 kPa, both as acellular scaffolds and with time in culture.
Reported values for both AF and meniscus shear properties from the literature are for
testing configurations in which minimal fiber stretch occurs, and so primarily represent
the extrafibrillar ‘matrix’ shear properties (Yin and Elliott 2005).

Even in the absence of fiber stretch, the measured shear modulus of electrospun scaffolds
was quite high (~2MPa).

This apparent shear modulus can be thought of as an

extrafibrillar ‘matrix’ shear modulus, which, in the case of acellular scaffolds, reflects the
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connectivity of fibers to one another as well as the frictional interactions that resist
reorientation with shear deformation. When fiber stretch does occur, the apparent shear
modulus is additive of this baseline matrix shear modulus and contributions from fiber
stretch. This ‘matrix’ shear modulus for the nanofibrous constructs in this study is up to
one order of magnitude higher than native values, even for unseeded scaffolds.

A

defining challenge of fibrocartilage tissue engineering arises from the natural design of
these tissues, which enables resistance to very large stresses in tension while permitting
large deformations under shear stresses. From a design/tissue engineering perspective,
this is a significant challenge that must be addressed through scaffold modifications and
directed tissue deposition. For example, the cell generated extracellular matrix is likely
more deformable in shear than the PCL scaffold, and so a more rapidly degrading
polymer, such as poly(lactic-co-glycolic acid) (Baker, Nerurkar et al. 2009), may bring
shear properties closer to native values as it degrades and is replaced by cell generated
extracellular matrix.

There are a number of additional considerations that these findings motivate. First, this
study only addressed the quasi-static response of scaffolds and constructs in shear,
whereas physiologic loading is generally dynamic. Additionally, the use of structures
reinforced by a single fiber population makes comparisons to native tissue difficult: both
the AF (+/- 30°) and the meniscus (0°/90°) are multi-lamellar structures. Future studies
will thus investigate shear properties of nanofibrous laminates for a range of ply angles,
under both quasi-static and dynamic testing modalities. This will not only improve
comparisons to native tissues, but will allow for analysis of inter-lamellar connections in
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shear, which contribute to uniaxial tensile properties through an inter-lamellar shearing
mechanism (Nerurkar, Baker et al. 2009). These assemblies may also allow for better
interpretation of native tissue shear testing results, where tested samples are less
controlled, more heterogeneous, and have more variable fiber orientation and lamellar
proportions.

Future studies will also investigate the use of scaffolds with multiple

polymer components.

These fibrous composite scaffolds allow for manipulation of

scaffold mechanical and structural parameters (Baker, Gee et al. 2008, Baker, Nerurkar et
al. 2009). For instance, by including a population of sacrificial poly(ethylene oxide)
fibers, scaffold pore sizes can be increased to promote cellular infiltration (Baker, Gee et
al. 2008). Likewise, manipulation of solvent volatility can be used to modulate fiberfiber connectivity (Kidoaki, Kwon et al. 2005) and its role in establishing the ‘matrix’
shear modulus in these constructs can be assessed. Indeed, these two last features may be
used to ‘design down’ the shear properties of scaffolds to better match native tissue levels
and so avoid aberrantly high shear stresses immediately upon implantation.

4.5 Conclusions
If engineered fibrocartilage constructs are to be successful, they must function adequately
in the multidirectional loading environment they will be subjected to when implanted in
vivo. This will require that they resist tensile, compressive and shear loading. Proper
analysis of these constructs in shear requires a thorough understanding of the testing
method, which, in the case of simple shear testing, is dependent upon the fiber orientation
and aspect ratio of the sample. For aligned electrospun scaffolds, a 2:1 aspect ratio
results in low fiber stretch and minimal dependence on fiber orientation, while a 1:2
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aspect ratio increases fiber stretch so that mechanical anisotropy in shear is observed.
Additionally, MSC generated matrix enhances the properties of these constructs in shear.
While the shear properties of these constructs appear to be more than adequate, it is likely
that additional processing techniques will be necessary to obtain shear properties closer to
native values.
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CHAPTER 5: BIAXIAL MECHANICS AND INTERLAMELLAR SHEARING OF STEM-CELL SEEDED
ELECTROSPUN ANGLE-PLY LAMINATES FOR
ANNULUS FIBROSUS TISSUE ENGINEERING

5.1 Intro
The annulus fibrosus (AF) of the intervertebral disc is a dense fibrocartilage that plays an
essential role in motion and load transmission in the spine. The multi-directional loads to
which the AF is subjected are resisted by collagen fibers arranged in a distinct angle-ply
lamellar structure that alternates between (+/-) 30° with respect to the transverse axis of
the spine (Cassidy, Hiltner et al. 1989). This specialized organization is vital for the
proper transmission of tensile, shear and compressive loads that arise with movement of
the spine (Humzah and Soames 1988). With degeneration, structural organization and
mechanical properties of the AF decrease, resulting in abnormal function (O'Connell,
Guerin et al. 2009, O'Connell, Sen et al. 2012). Current treatments options, including
discectomy and spinal fusion, do not restore mechanical function to the disc, and as such,
often result in degeneration of adjacent discs (Levin, Hale et al. 2007). This indicates a
need for regenerative strategies that restore mechanical function for all relevant loading
regimes, ideally matching native tissue benchmarks (Nerurkar, Elliott et al. 2010). Given
the direct relationship between AF structure and function, it is likely that the multilamellar hierarchical structure of the native tissue will need to be replicated in any repair
material to achieve such a goal.
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A number of approaches have been taken for AF and whole disc tissue engineering, with
most combining multipotent or AF cells with hydrogel or polymer scaffolds (Park, Lutolf
et al. , Nesti, Li et al. 2008, Wan, Feng et al. 2008, Nerurkar, Elliott et al. 2010, Nerurkar,
Sen et al. 2010, Bowles, Gebhard et al. , Lazebnik, Singh et al. 2011). However, most of
these efforts focus on replication of disc biochemical content and distribution, rather than
multi-lamellar microstructure and function.

We have previously adopted an

electrospinning-based approach to generate scaffolds for multi-lamellar AF tissue
engineering (Li, Mauck et al. 2005, Nesti, Li et al. 2008, Mauck, Baker et al. 2009,
Nerurkar, Baker et al. 2009). Scaffolds can be formed with a highly aligned fibrous
structure that instructs alignment of cells and their subsequent matrix deposition (Baker
and Mauck 2007). Seeding these scaffolds with mesenchymal stem cells (MSCs) and
culture in chemically defined conditions leads to marked increase in biochemical content
and mechanical properties (Baker and Mauck 2007, Nerurkar, Elliott et al. 2007).
Moreover, assembly of these single layers into multi-lamellar angle-ply structures
produces constructs that replicate the AF anatomic form, microstructure, and uniaxial
tensile mechanical function (Nerurkar, Elliott et al. 2007, Nerurkar, Baker et al. 2009).
However, while the AF does experience tensile loads, most tensile stresses are applied
biaxially as the disc is subjected to multi-axial loads and is constrained by its attachment
to the vertebral bodies (Shirazi-Adl, Shrivastava et al. 1984, Schmidt, Heuer et al. 2009,
Hollingsworth and Wagner 2012). Our previous studies only tested these constructs
under uniaxial tension or compression (Nerurkar, Baker et al. 2009, Baker, Nathan et al.
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2010); biaxial mechanical analysis would allow for evaluation in a more physiologic and
structurally relevant loading configuration.

In addition to their direct role in AF replacement, electrospun biologic laminates also
provide a model system in which to study the development of AF structure-function
relationships (Nerurkar, Han et al. 2010). Previous studies suggested that the angle-ply
lamellar structure of the AF gives rise to an inter-lamellar shear stiffening effect, where
the stress in one lamella can be transferred to adjacent lamellae through shearing of a
sufficiently stiff inter-lamellar matrix (Michalek, Buckley et al. 2009, Nerurkar, Baker et
al. 2009, Schmidt, Heuer et al. 2009). Thus, the connection between lamellae could play
a crucial role in establishing and enhancing AF functional properties. Under uniaxial
loading, this inter-lamellar shear stiffening effect arises from reorientation of lamellar
fibers in the direction of load. Under pure biaxial strain, fiber reorientation would be
minimized, and so the role of this stiffening mechanism would be expected to be less
apparent.

The objective of this study was to determine the dependence of biaxial

mechanical properties on lamellar orientation and inter-lamellar shearing in bilayer
nanofibrous scaffolds seeded with bovine MSCs.

5.2

Materials and Methods

5.2.1 Construct Fabrication and Culture:
Aligned poly(ε-caprolactone) (PCL) scaffolds were fabricated via electrospinning from a
14.3% w/v solution of PCL (BrightChina, Hong Kong, China) in a 1:1 solution of
dimethylformamide and tetrahydrofuran (Fisher Chemical, Fairlawn, NJ) as in (Nerurkar,
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Elliott et al. 2007). Polymer solution was extruded (2.5 ml/hour) from a 18 gauge needle
charged to 13 kV and collected onto a grounded mandrel rotating at 10m/s (Nerurkar,
Elliott et al. 2007). Rectangles (24 x 26 mm2) of scaffold were removed at θ = 0° and 30°
relative to the prevailing fiber direction, hydrated with decreasing concentration ethanol
washes (100, 70, 50, 30, 0% EtOH, 1hr/step), and soaked in fibronectin (20 mg/ml) for
16 hours (Nerurkar, Baker et al. 2009). Juvenile bovine MSCs were isolated from the
tibio-femoral bone marrow and expanded for 2 passages. Single scaffold layers were
seeded on each side with 8x105 MSCs and cultured in chemically defined media
composed of Dulbeccos’s modified Eagle’s medium (Invitrogen, Grand Island, NY), 0.1
µmol/L dexamethasone (Sigma, St. Louis, MO), 40 µg/mL L-proline (Sigma, St. Louis,
MO), 100 µg/mL sodium pyruvate (Sigma, St. Louis, MO), 1% insulin, transferrin,
selenium premix (BD Biosciences, San Jose, CA), 1% penicillin, streptomycin, and
fungizone, and 10 ng/mL transforming growth factor β-3 (R&D Systems, Minneapolis,
MN) (Huang, Stein et al. 2009).

After 2 weeks of pre-culture under free-swelling

conditions, angle-ply laminates (APL) were constructed with (+/+) 0°, (+/-) 30°, and
(+/+) 30° fiber orientations (Figure 5-1B). APL constructs were assembled by placing
individual scaffold layers between two pieces of porous polypropylene (Small Parts Inc,
Logansport, IN) which were held in apposition for the first 10 days of culture with a
sterile aluminum foil cinch (Nerurkar, Baker et al. 2009) (Figure 5-1A). These fiber
angle combinations were chosen to investigate the effect of inter-lamellar shearing on the
biaxial tensile response. Eight weeks post-apposition, 13x13 mm2 central region samples
were removed from the larger APL construct and tested in biaxial tension, followed by
analysis of biochemical content.
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Figure 5-1: Schematic of bi-lamellar construct fabrication process (A) and of
construct lamellar orientations (B). par = parallel orientation, opp = opposing
orientation.

5.2.2 Histology
At 8 weeks post-apposition, samples (n=2 per group) were frozen in OCT freezing
medium (Sakura Finetek USA Inc., Torrance, CA) and cryosectioned through their entire
cross-section (24 x 0.6 mm2) to 12 µm thickness. Sections were stained for collagen with
Picrosirius Red or proteoglycans with Alcian blue (Sigma, St. Louis, MO), and imaged
using an Eclipse 90i upright microscope with a CCD camera and the NIS-Elements
software package (Nikon Instruments, Melville, NY).
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5.2.3 Mechanical Testing
Samples (n=4/group) were loaded into a custom biaxial testing device (O'Connell, Sen et
al. 2012). Four hooks were attached to each edge of the samples, which were secured to
pulleys on the biaxial device via 2-0 braided silk suture (Sacks 1999). Fiber angle was
measured from the X1 axis (Figure 5-2A). Four strain markers were attached in the
middle 50% of the sample with cyanoacrylate and used for real-time Lagrangian strain
control. Samples were pre-strained equibiaxially to 0.01 at 0.0001 strain/sec and then
cyclically ramped 4 times to 0.04 strain at 0.00075 strain/sec. Testing was carried out
with two different strain ratios: a 1:1 (X1:X2) strain ratio and a 1:0 strain ratio (Figure 52A). The linear region modulus (0.028 - 0.04 X1 strain region) was calculated from the
4th cycle of each test, using the cross-sectional area calculated from the thickness
measured with a custom laser device and the width between the staple grips (Peltz, Perry
et al. 2009). At the peak of the 4th ramp for each test, the deformation gradient tensor (F)
was calculated:
𝐹=

𝜕𝑥
𝜕𝑋

based on the position of the 4 strain markers in the undeformed (X) and deformed (x)
states, using a custom MATLAB program (Thomopoulos, Fomovsky et al. 2007, Lake,
Miller et al. 2009, Szczesny, Peloquin et al. 2012). This was then used to calculate
stretch in the fiber direction (fiber stretch). In this process, the fiber direction is defined
by the initial direction of scaffold fiber alignment (ao) through the vector:
𝑎! =

cos 𝜃
sin 𝜃

and the apparent fiber stretch (λ) is calculated as:
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𝜆=

𝐹 ∗ 𝑎!

!

∗ 𝐹 ∗ 𝑎!

!/!

The deformation gradient tensor was also used to calculate the finite Lagrangian strain
tensor (E):
𝐸=

1
∗ (𝐹 ! 𝐹 − 𝐼)
2

from which the Lagrangian shear strain (E12) was noted for each group.

Figure 5-2: Biaxial mechanical testing results with a schematic (A) showing test
boundary conditions and fiber orientation (θ). Average stress-strain curves (B) for
the 4th cycle of the equibiaxial (1:1) test for APL samples of different construction.
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5.2.4 Biochemistry
Biochemical assays were performed to quantify DNA, sulfated glycosaminoglycan (sGAG), and collagen content after mechanical testing (n=4 per group). After mechanical
testing, samples were digested for 16 hours in papain (Sigma) at 60°C, followed by
analysis

using

the

PicoGreen

dsDNA

assay

for

DNA

(Invitrogen),

1,9-

dimethylmethylene blue dye-binding assay (Sigma) (Farndale, Buttle et al. 1986) for sGAG, and (after acid hydrolysis) by reaction with chloramine T (Sigma) and
dimethylaminobenzaldehyde (Sigma) to measure ortho-hydroxyproline (OHP) content
(Stegemann and Stalder 1967). OHP content was converted to collagen content using a
1:10 ratio of OHP:Collagen (Nerurkar, Elliott et al. 2007).

5.2.5 Statistics
Significance (P < 0.05) was evaluated by one-way analysis of variance with Tukey’s post
hoc tests between groups for differences in biochemical content, modulus, maximum
shear strain, and fiber stretch.

Data are represented as the mean +/- the standard

deviation.

5.3 Results
5.3.1 Biochemical Content Increases with Culture Time
MSC seeded electrospun scaffolds were pre-cultured for two weeks, then held in
apposition for ten days.

This period of appositional culture provided sufficient
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mechanical integration between the layers to allow for removal of the porous supports.
Eight weeks after the formation of the APLs, histologic analysis demonstrated biologic
integration of layers and formation of matrix within the inter-lamellar space (Figure 5-3).
This inter-lamellar extracellular matrix was rich in both proteoglycans (Figure 5-3 A-C)
and collagen (Figure 5-3 D-F) for all three groups, with no marked differences observed
between the groups. Despite the large size of the constructs (24 x 26 mm2) compared to
previous studies (Baker, O'Connell et al. 2007, Nerurkar, Elliott et al. 2007, Nerurkar,
Baker et al. 2009), matrix deposition was observed both within and between the layers.
Quantification showed a substantial amount of s-GAG (~4% dry weight) and collagen
(~3% dry weight) deposition in all constructs, independent of lamellar orientation
(Figure 5-3F). DNA content was also equal between groups (Figure 5-3G).
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Figure 5-3: Representative histological sections at 8 weeks (A-F) stained for
proteoglycans (A-C) and collagens (D-F) for the 0° parallel group (A,D), the 30°
opposing group (B,E), and the 30° parallel group (C,F). Quantification of
biochemical content (G) of s-GAG, collagen, and dsDNA. Results shown as mean
+/- standard deviation (n = 4/group).

5.3.2 Biaxial Mechanical Properties
Biaxial mechanical testing was performed to assess the mechanical integrity of
constructs, and the importance of lamellar organization and directionality under multiaxial loading (Figure 5-2 A). Mechanical testing showed nonlinearity in the stress-strain
response, and significant anisotropy in all constructs (Figure 5-2 B). With equibiaxial
(1:1) testing, 30° opposing (+/-) APLs had a significantly higher modulus in both the X1
and X2 directions compared to the 0° and 30° parallel (+/+) APLs (Figure 5-4 A, B).
The opposing (+/-) 30° lamellar structure also showed significantly less planar shear
strain and a significantly higher fiber stretch ratio (stretch in the prevailing fiber
direction) compared to the parallel (+/+) 30° APLs (Figure 5-5 A, B). As expected, the
0° bilayers had very little shear strain, and fiber stretch ratios were close to the applied
0.04 strain (Figure 5-5), due to alignment of the fibers with the X1 loading axis.

93

Figure 5-4: Modulus values for the 1:1 biaxial test in the X1 (A) and X2 directions
(B), and for the 1:0 test in the X1 (D) direction. Dotted line indicates native tissue
properties, calculated from O’Connell et al. 2012. Results are shown as mean +/standard deviation. * indicates significant difference from both other groups (P <
0.05).
Similar modulus trends were observed for the 1:0 test, though differences between
opposing and parallel bilayers were not significant in this configuration (Figure 5-4C).
With this 1:0 test, there was also a decrease in the amount of shear strain in 30° parallel
bilayers, and a decrease in the amount of fiber stretch for 30° opposing bilayers. Strain
analysis for the 1:0 test mirrored the 1:1 test, with significantly more shear in the 30°
parallel samples (Figure 5-5 A, C), and significantly higher fiber stretch in the 0° parallel
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and 30° opposing samples (Figure 5-5 B, D). For both testing configurations, the biaxial
mechanical properties of (+/-) 30° APL reached ~60% of native tissue values (Figure 54) (O'Connell, Sen et al. 2012) when the anatomic lamellar structure (+/- 30°) was
recapitulated. However, for other APL configurations, mechanical properties reached
only 30-40% of native tissue properties (Figure 5-4), despite the similarity in
biochemical properties between groups (Figure 5-3).

Figure 5-5: Optically measured Lagrangian shear strains (A,C) and fiber stretch
ratios (B,D) for 1:1 equibiaxial (A,B) and 1:0 biaxial (C,D) tests. Results indicate
mean +/- standard deviation. * indicates significance (P < 0.05) compared to both
other groups. # indicates significance (P < 0.05) compared to 30° parallel group.

5.4 Discussion
Functional tissue engineered replacements for the AF must perform under the
multidirectional loads the native tissue experiences in vivo.

These in vivo loading

environments will require constructs to behave appropriately under a variety of loading
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scenarios, including equibiaxial and 1:0 biaxial tension (Shirazi-Adl, Shrivastava et al.
1984, O'Connell, Johannessen et al. 2007). In this study we show that electrospun
biologic laminates reach >60% of native tissue biaxial properties under these types of
loads, and that these properties are dependent on the opposing lamellar structure
(O'Connell, Sen et al. 2012). These data support the notion that resistance to interlamellar shearing at the micron level in the AF angle-ply structure is an important feature
in the native tissue macroscopic mechanical response.

This study provides insight into the functional role of the AF lamellar structure. Analysis
of the peak Lagrangian shear strains for biaxial tests indicated that the opposing (+/- 30°)
lamellar structure was able to prevent lamellar shearing for both the 1:0 biaxial and
equibiaxial (1:1) tests. This indicates a significant interaction between the lamellae, and
that the matrix deposited between these lamellae has an important mechanical function.
For the parallel (+/+ 30°) samples, a positive shear indicates that the construct is
deforming less in the fiber direction (less fiber stretch) due to increased deformation
perpendicular to the fiber direction. This is likely responsible for the reduced (+/+ 30°)
construct modulus we observed.

Under true equibiaxial strain, where no shear is

observed, one would not expect to see any effect of the previously described interlamellar shear stiffening (Michalek, Buckley et al. 2009, Nerurkar, Baker et al. 2009,
Schmidt, Heuer et al. 2009). However, when the material axis of a transversely isotropic
material is not oriented with the loading axis, a smaller but still significant amount of in
plane shear is observed (Sacks 1999). Thus the current study indicates that even under
equibiaxial strain, the opposing (+/- 30°) lamellar structure prevents shearing within each
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lamella. This supports the idea of an inter-lamellar shearing mechanism, where the
function and integration of the opposing layers help to resist deformation in adjacent
lamellae.

Interestingly, the properties of opposing (+/- 30°) constructs were also significantly
higher than the (+/+ 0°) constructs in both directions (Figure 5-2 B, Figure 5-4), despite
showing similar fiber stretch ratios (Figure 5-5 B,D).

This indicates that a lamellar

structure with native tissue fiber orientations is able to provide higher stiffness than a
single aligned fiber population, due to the biaxial boundary conditions. The use of
biaxial testing is necessary for appreciation of this difference, since previous uniaxial
tensile testing showed single lamellar 0° constructs to be about twice as stiff as opposing
constructs (+/- 30°) in the X1 direction (Nerurkar, Mauck et al. 2008, Nerurkar, Baker et
al. 2009). This provides further evidence that a lamellar structure with two alternating or
angle-ply fiber populations is an important design criterion for both native tissue and a
mechanically functional engineered AF.

One limitation of this study, and of electrospun biologic laminates in general, is the strain
levels used for biaxial mechanical analysis. Fiber reinforced soft tissues, such as the AF,
are required to function under large strains without failing (Stokes 1987, Hollingsworth
and Wagner 2012), and typically have highly non-linear mechanics with large toe regions
(~0.02 - 0.05) (Bass, Ashford et al. 2004, O'Connell, Sen et al. 2012). While electrospun
biologic laminates also display a non-linear response to strain, it is to a lesser extent and
with a smaller toe region (~0.01 – 0.02) than native tissue. This is likely due to the large
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amount of polymer remaining (>90%) after 8 weeks of in vitro culture. Additionally,
central scaffold regions contained less matrix than the edges where cellular colonization
had occurred. This indicates that cell infiltration was limited, and that there is room for
improvement of both mechanical and biochemical properties of these engineered
constructs. In the future, multi-polymer scaffolds could be used to increase porosity and
accelerate cell infiltration, allowing for increased and more homogeneous matrix
deposition (Baker, Gee et al. 2008). It is likely that with further cell infiltration, construct
maturation or mechanically accelerated growth (Baker, Shah et al. 2011), native tissue
properties and non-linearity may be more closely replicated.

This study provides important insight into the behavior of electrospun biologic angle-ply
laminates under biaxial loading that will likely be encountered in vivo, as well as the
native tissue structure-function relationships. While constructs did not perfectly match
the mechanical properties of native tissue, they came close to replicating the biaxial
moduli, anisotropy and non-linearity of native AF. This work provides an understanding
of the importance of AF microstructure in tissue function, as well as appropriate
benchmarks for AF tissue engineering.
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CHAPTER 6: CRIMPED MICRO-PATTERNING IN
FIBROUS BIOMATERIALS DICTATES MACROSCOPIC
MECHANICS, MICRO-SCALE STRAIN TRANSFER, AND
MECHANOTRANDUCTION

6.1 Intro
Tissues that are subjected to frequent, high stress and high strain loading, such as those in
the cardiovascular and musculoskeletal systems, are often composed of highly aligned
collagen fibers that, at the micron-scale, have an intrinsically crimped micro-architecture
(Rigby, Hirai et al. 1959, Lim and Boughner 1976).

With stretch, crimped fibers

straighten, resulting in a non-linear mechanical response (Diamant, Keller et al. 1972,
Lake, Miller et al. 2009). Crimp is a critical structural adaptation in these tissues,
allowing for low-force deformation at small strains (in the so-called ‘toe’ region), while
providing protection against excessive deformation via the higher ‘linear region’ modulus
that follows (Hansen, Weiss et al. 2002). Importantly, crimp patterning emerges with
development (Dickinson and Vesely 2012, Miller, Connizzo et al. 2012) and is lost under
pathological conditions or in sub-optimal repairs (i.e. scars), which predisposes these
tissues to aberrant loading conditions and may precipitate further degenerative processes
(Gathercole and Keller 1991).
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As crimp is essential for normal functionality in these tissues, strategies with the aim of
engineering functional replacements must address this phenomenon. To date, the most
advanced biomaterials for tendon/ligament tissue engineering have recapitulated native
tissue nonlinearity using custom weaving of micron-sized biodegradable polymers
(Sahoo, Cho-Hong et al. 2007). While promising, in that they can reproduce features of
the non-linear stress strain response, these materials fail to provide the nano-scale feature
sizes that cells within these tissues encounter. To that end, a number of groups have used
highly aligned arrays of polymer nanofibers (created by electrospinning) to provide such
nanotopographic cues (Li, Mauck et al. 2007). These highly aligned fibers can direct cell
shape and alignment, and lead to subsequent alignment of cell deposited extracellular
matrix molecules, such as collagen (Baker, Shah et al. 2012). Recently, we have further
refined this technique to generate fiber crimp in nanofibers via the controlled heating of
scaffolds to their glass-transition temperature (Surrao, Fan et al. 2012, Grace Chao, Hsu
et al. 2014). This treatment alters both scaffold mechanics and cellular interactions with
the scaffold. However, these polymer networks have a densely packed fibrous structure
with small pores. This dense structure not only limits the degree to which the fibers can
crimp, but also results in limited cellular ingress when these scaffolds are seeded with
cells.

In our previous work, accelerated cellular infiltration into dense nanofibrous

scaffolds was achieved by increasing scaffold porosity via inclusion of a water-soluble
sacrificial poly(ethylene oxide) (PEO) fiber fraction (Baker, Shah et al. 2012). Inclusion
of sacrificial fibers may provide both the high porosity required for cell infiltration, while
at the same time increasing the degree to which crimping can occur, resulting in a more
instructive and mechanically non-linear scaffold.
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Instructive scaffolds can form the basis for patterning tissue formation, but require both a
cell source to deposit structural extracellular matrix molecules as well as mechanoactive
inputs to drive tissue maturation (Mikic, Johnson et al. 2000, Maeda, Sakabe et al. 2011).
Bone marrow derived mesenchymal stem cells (MSCs) are a popular cell source for
engineering of orthopaedic tissues because of their multipotent nature (Pittenger, Mackay
et al. 1999), ease of isolation and expansion, and the lack of donor site morbidity. MSCs
are highly responsive to topographical and mechanical cues, both of which can influence
lineage commitment, including towards the tendon/ligament pathway (Chen, Horan et al.
2006, Kuo and Tuan 2008). Indeed, the maturation of both native tissue cell- and MSCseeded engineered constructs can be expedited by mechanical loading (Baker, Shah et al.
2011, Haugh, Meyer et al. 2011, Subramony, Dargis et al. 2013, Charoenpanich, Wall et
al. 2014). Our previous work has shown that both cell and nuclear deformation is highly
dependent on fiber directionality with respect to direction of applied strain in engineered
nanofiber microenvironments (Heo, Nerurkar et al. 2011, Nathan, Baker et al. 2011).
Since most tissues operate within the crimped ‘toe’ region during normal physiologic
activities, it is vital that we consider not only tissue structure and mechanics, but also
how that structure regulates mechanotransduction within this crimped context.
Mechanotransduction events can occur both at the cell surface, where cells make
interactions with their surrounding matrix, as well as deep within the cell, where strains
can be transmitted and activate stretch sensitive cytoskeletal and nucleoskeletal
associated molecules (Na, Collin et al. 2008, Guilluy, Osborne et al. 2014). Fiber crimp
may provide not only topographical mechanical cues that are important for cellular
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differentiation and formation of structurally accurate tissues, but may also provide
specific cues during mechanical loading that are important in formation and maintenance
of this tissue structure.

In this study, we increased scaffold crimp by increasing scaffold porosity prior to heating,
thus providing increased space for crimped fiber formation. We then probed the bulk
scaffold mechanics and the micromechanical response of both the scaffold itself and cells
ensconced in this engineered microenvironment. This approach resulted in a material
scaffold that more faithfully reproduces the nonlinear mechanical behavior of native
tissue while providing nanotopographic cues important for organized tissue formation.
At the same time, these scaffolds illustrate how differential mechano-regulation may arise
as a function of micro-scale order.

6.2 Materials and Methods
6.2.1 Scaffold Fabrication
Aligned nanofibrous scaffolds were generated, as described previously (Baker, Shah et al.
2012, Grace Chao, Hsu et al. 2014), by electrospinning onto a rotating mandrel.
Scaffolds were spun using an 8.5% w/v solution of poly-L-lactide (PLLA) in
Hexafluoropropylene (HFP) either alone, or in combination with a second spinneret
containing a 10% w/v solution of poly(ethylene oxide) (PEO, details) in 90% ethanol.
These two scaffold types (PLLA alone or PLLA/PEO dual component scaffolds) were
washed with decreasing concentrations of ethanol (to hydrate and/or remove PEO) or
heated to 65°C for 15 minutes between two glass slides. Dual scaffolds were washed
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(DW), heated and then washed (DHW), or washed and then heated (DWH). This last
group (DWH) is expected to produce the highest degree of crimp, due to the increased
porosity present during heating.

6.2.2 Fiber Characterization
Following processing, scaffolds were dried by desiccation and mounted. Scanning
electron microscope images were acquired at using a scanning electron microscope
(Hitachi TM3000). Fiber morphology was characterized for each of the scaffold types by
calculation of the fiber straightness, which was defined as the end-to-end length of the
fiber divided by its persistence length (Grace Chao, Hsu et al. 2014).

6.2.3 Mechanical Testing
Scaffolds were cut into 40x5mm2 pieces, with the long axis in the fiber direction, and
tested in uniaxial tension using an Instron 5848 with a 50N load cell (Instron, Norwood,
MA). Scaffold cross sections (100-200 µm thick) were measured using a laser based
device (Peltz, Perry et al. 2009) then scaffolds were loaded into Instron grips and quasistatically ramped at 0.05% strain/second to 25% strain.

Stress-strain curves were

calculated and a bi-linear fit (MATLAB) was used to determine the transition strain and
linear region modulus.
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6.2.4 Cell Seeding
Bovine bone marrow derived mesenchymal stem cells (MSCs) were isolated from the
tibio-femoral joint of juvenile cows (Research 87, MA, USA), as described previously
(Huang, Farrell et al. 2010), and expanded on tissue culture plastic for 2 passages in basal
media (high glucose DMEM with 1% penicillin, streptomycin, fungizone (PSF) and 10%
fetal bovine serum). Scaffolds were cut into strips of 5x70 mm (for static stretch) or
5x35mm (for immunostaining) with the long axis in the fiber direction. Scaffolds were
hydrated and disinfected using decreasing concentrations of ethanol (100, 70, 50, 30, 0%;
30 min/step) and then soaked in a fibronectin containing phosphate-buffered saline
solution (20 µg/ml, Sigma) overnight at room temperature to enhance cell attachment.
Fibronectin coated scaffolds were seeded with 1x105 cells in 200µl (5x70mm) or 5x104
cells in 100µl (5x35mm) of basal media. Cell seeded scaffolds were cultured for 2 days
in basal media prior to static stretch or fixation.

6.2.5 Immunostaining
Two days after seeding, scaffolds were fixed with 4% paraformaldehyde overnight at 4°C
then washed three times and permeablized with 0.5% Triton X-100 in phosphate buffered
saline (PBS) with 320mM sucrose and 6mM MgCl2. Actin was stained using Alexa-fluor
488 phalloidin (1:1000, Molecular Probes, Eugene, OR) in PBS containing 1% w/v
bovine serum albumin for 1 hour at room temperature. Scaffolds were then washed 3
times with PBS and mounted on glass slides using DAPI anti-fade mounting media
containing prolong gold (Molecular Probes, Eugene, OR).
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6.2.6 Static Tensile Stretch
Cells seeded on aligned scaffolds were stained with Hoechst (5ug/ml, Molecular Probes,
Eugene, OR) in high glucose phenol-free DMEM containing HEPES (Gibco, Carlsbad,
CA) for 10 min at 37°C. Samples were then loaded into a custom stepper motor driven
tensile-device ((Driscoll 2015), n=3-4 / group) mounted onto an inverted epi-fluorescence
microscope (Nikon Instruments, Tokyo, Japan) and statically stretched (n=3-4/grp) to 8%
strain in 1% increments with images being acquired at each strain level.

Nuclear

deformation was quantified (n>45 cells/group) using a custom MATLAB program by
calculating the ratio of the nuclear principal axis. Briefly, nuclear edges are detected
using a canny edge detection algorithm and used to calculate eigenvectors and
eigenvalues for the groups of pixels associated with each nuclei. The first and second
eigenvalue, which represent the length of the first and second principal axes, are then
used to calculate a nuclear aspect ratio at each strain level for each nuclei. Additionally,
the centroids of nuclei were used as fiducial markers for calculation of micro-scale
Lagrangian strains on the scaffold surface. First, the deformation gradient tensor (F) was
calculated for sets of 3 nuclei using their displacements at each strain level relative to the
reference (0% strain) image.
𝐅!" =

dx!

dX!

This was then used to calculate a Lagrangian strain tensor (E) for each triad.
𝐄=

1 !
𝐅 𝐅−𝐈
2

Additionally, the effective Poisson’s ratio (ν) at each strain level was calculated for each
triad.
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ν=

−𝐸!!
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6.2.7 Western Blot:
For analysis of the cellular response to static stretch on these scaffolds, cell seeded
scaffolds were loaded into a previously described tensile bioreactor (Baker, Shah et al.
2011). Scaffolds were statically stretched to 0%, 3% or 8% strain at a strain rate of 3%
strain/s and held for 15 minutes. Cells were then lysed with RIPA buffer to isolate total
cell protein (50mM Tris-HCl pH 8.0, 150 mM sodium chloride, 1.0% Triton X-100, 0.1%
Sodium Dodecyl Sulfate (SDS), 1% protease inhibitor cocktail (Sigma, St Louis, MO)
and 1% phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Protein isolates were
cleared of insoluble cellular debris by centrifugation (15,000xg for 15min) and protein
concentration was quantified using the Lowry assay (Biorad, Hercules, CA). Samples
were denatured by boiling at 99°C in reducing lane buffer containing 2% betamercaptoethanol. Protein samples (20 µg/lane) were separated on 4-15% gradient SDS
polyacrylamide gels and transferred to nitrocellulose membranes (iBlot, Invitrogen,
Carlsbad, CA). Membranes were blocked with 5% bovine serum albumin (BSA) in Trisbuffered saline containing 0.1% Tween 20 (TBS-T) and probed with p44/p42 MAPK
(ERK1/2) or phospho-p44/p42 MAPK (pERK1/2) antibodies (1:1000, Cell Signaling,
Danvers, MA). Membranes were washed three times with TBS-T and treated with antirabbit peroxidase conjugated secondary antibody in 5% BSA-TBS-T (1:1000, Cell
Signaling, Danvers, MA).

Blots were developed using SuperSignal West Pico

Chemiluminescent reagent (Thermo Pierce, Waltham, MA) and exposed to CL-Exposure
film (Thermo Pierce, Waltham, MA). Quantification was performed via densitometry
(ImageJ) and used to calculate a ratio of phosphorylated ERK1/2 to total ERK1/2.
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6.2.8 Statistics
Statistical significance was set at p<0.05 and statistical comparisons were made using
one-way ANOVA with Tukey’s post hoc. For analysis of data involving multiple strain
levels, comparisons were made using two-way ANOVA with Tukey’s post hoc.

6.3 Results
6.3.1 Crimp Influences Bulk Mechanical Properties
Aligned nanofibrous scaffolds fabricated with two fiber populations (PLLA/PEO, Dual)
(Figure 6-1A) showed increased crimp with heating (H) when the soluble fiber fraction
(PEO) was removed (Wash, W).

This resulted in a significant decrease in fiber

straightness (Figure 6-1B) quantified from SEM images of scaffold fiber topographies
(Figure 6-1C). Dual scaffolds heated before washing (DHW) showed a small decrease
in fiber straightness whereas dual scaffolds washed before heating (DWH) displayed a
significantly larger decrease in straightness. This increase in crimped or curved fibers
influenced bulk scaffold mechanical properties. Tensile mechanical testing showed that
single polymer PLLA scaffolds possessed a higher linear modulus than all other
scaffolds, indicating that both increased crimp (H) and increased porosity (Dual Wash)
resulted in decreased linear region tensile modulus. This did not, however, result in a
total loss of tensile strength, as all scaffolds maintained a modulus of 20-100 MPa
(Figure 6-1D). Analysis of transition strain, an important mechanical attribute of fibrous
load bearing tissues, showed that the highly crimped dual wash heat (DWH) scaffolds
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achieve a significantly higher transition strain (Figure 6-1E). Additionally, these DWH
scaffolds also displayed much higher yield strains (Figure 6-1F).

Figure 6-1: Inclusion of sacrificial fibers allows for increased fiber crimp and nonlinearity post- heating. (A) Schematic of aligned nanofibrous material containing
two fiber populations. The water soluble PEO can be removed by washing with
water, increasing the porosity of the scaffold. Annealing (65°C 15 minutes)
increases fiber crimp by increasing PLLA fiber crystallinity. When annealing is
performed after scaffold porosity is increased, fibers show increased fiber crimp.
(B) Quantification of fiber straightness from SEM images (C) of fabricated scaffolds
containing a single fiber population (PLLA) or two fiber populations (PLLA/PEO,
Dual (D)) (scale bar = 1µm). Fibers were washed (W) and/or heated (H) to induce
fiber crimp. Tensile testing of fabricated scaffolds with quantification of the linear
modulus (D) and transition strain (E) with average stress-strain curves (F)
displaying increased non-linearity. (n=3 per group, * indicates p<0.05 vs. W, **
indicates p<0.01 vs all other groups, *** indicates p<0.001 vs all other groups)
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6.3.2 Crimp Alters Micro-Scale Strain Transfer
Since altering the micro-scale fiber morphology likely alters the micro-scale strain
transfer important for regulating cellular processes, we next assessed the extent to which
crimped fibers impact micro-scale strain transfer to the local cellular microenvironment
and into the cell nucleus. For this, we employed a previously described micro-tensile
device that allows for simultaneous stretch and imaging of scaffolds and the cells adhered
to them (Driscoll 2015). Scaffolds were coated with fibronectin and seeded with bovine
mesenchymal stem cells (MSCs). Staining of F-actin and DAPI after 2 days of culture
showed cells were well attached and aligned in the fiber direction (Figure 6-2A). Autofluorescent fibers displayed crimp that was often followed by cell protrusions. Analysis
of Lagrangian strains calculated from triads of nuclei, showed strains in the stretch
direction that reached close to the applied strain for all groups (E11, Figure 6-2B). In the
direction perpendicular to stretch, large compressive strains (E22) were observed due to
the high Poisson’s ratio of the materials (Figure 6-2B). Quantification of Poisson’s
ratios from these triads of nuclei indicated that increased fiber crimp in the DWH
scaffolds significantly reduced the lateral compressive strains (Figure 6-2C). Analysis of
strain transfer into the cells nuclei indicated that all scaffolds induce significant nuclear
deformation with applied stretch (Figure 6-2D). However, nuclei of cells on crimped
DWH scaffolds showed decreased baseline aspect ratio (Figure 6-2D) and decreased
alignment in the fiber direction (Figure 6-2E).

This resulted in significantly more

nuclear reorientation in crimped scaffolds with applied stretch to the scaffold.
Additionally, cells on crimped DWH scaffolds failed to reach the high nuclear aspect
ratios observed in the other two groups (Figure 6-2E).
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Figure 6-2: Crimped fibers alter nuclear morphology and micro-scale strain
transmission. (A) Representative images of mesenchymal stem cell seeded scaffolds
stained for F-actin (phalloidin, green) and nuclei (DAPI, Blue), with autofluorescent fibers (Red) displaying increased crimp in dual wash heat scaffolds. (B)
Micro-scale Lagrangian strains (mean +/- SD) calculated from triads of nuclei with
applied scaffold stretch. (C) Poisson’s Ratio’s calculated from triads of nuclei. (D)
Quantification of nuclear aspect ratio and nuclear orientation (E, 90°= fiber
direction) with applied scaffold stretch. (n=3-4 samples per group, n>47 nuclei per
group). (* p<0.05, ** p<0.01, *** p<0.001, # indicates p<0.01 vs unstretched
control).

6.3.3 Crimp Regulates the Biologic Response to Strain
Next, we assayed the phosphorylated ERK1/2 MAPK response on MSCs when statically
stretched to 3 or 8% strain and held for 15 minutes. ERK1/2 is a signaling kinase
downstream of a number of mechanically activated molecules in including focal
adhesions (Li, Kim et al. 1997, Chaturvedi, Gayer et al. 2008) and ion channels (Jessop,
Rawlinson et al. 2002). We found little to no increase in phosphorylated ERK1/2 when
cells were statically stretched on straight non-heated fibers (Figure 6-3A and 6-3B,
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DW). However, when cells were stretched on crimped fibers (Figure 6-3B, DWH)
significant activation of ERK1/2 was observed. Additionally, cells seeded on DWH
scaffolds displayed significantly lower baseline ERK1/2 phosphorylation, potentially
indicating reduced baseline activation of adhesions.

Figure 6-3: Crimped fibers alter ERK1/2 sensitivity to mechanical stretch. Whole
cell protein was extracted from MSC seeded scaffolds stretched to 0, 3, or 8% strain
and held for 15 minutes. Western blot analysis (A) of phosphorylated ERK 1/2
normalized to total ERK with quantification using densitometry (B). Results
plotted as fold increase vs. 0% DWH. (n=3/group, * p<0.05, **p<0.01).
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6.4 Discussion
Fiber crimp is important for the appropriate function of fiber reinforced soft tissues,
providing mechanical non-linearity. Further, this microstructure influences transfer of
strain to the cells within these tissues, regulating cellular behavior. When engineering
replacement tissues, recapitulation of this microstructure will likely be important for both
the bulk construct mechanics and the mechanotransduction that occurs within. In this
study, we found that a crimped nanofibrous structure could be engineered into aligned
electrospun scaffolds, and that this crimp could be enhanced by inclusion of a sacrificial
fiber fraction.

This not only increases mechanical non-linearity, but also results in

microstructural changes that alter strain transfer to the cellular microenvironment.

Given that micro-environmental strains are critical for tissue development and
homeostasis (Mammoto and Ingber 2010, Shwartz, Blitz et al. 2013), an understanding of
this strain transfer, and how it regulates cellular mechanotransduction in the context of
engineered materials, will be critical for their success. In this study, we show that crimp
alters the micro-scale Lagrangian strains of stretched scaffolds.

Additionally, we

observed that cells seeded on crimped scaffolds displayed lower nuclear aspect ratios and
less alignment in the fiber direction. Because of this, increased nuclear reorientation was
observed with application of stretch and nuclear aspect ratios on crimped scaffolds did
not reach levels achieved on less crimped scaffolds. In addition to having an impact on
nuclear reorientation and strain transfer, crimp increased the mechanical activation of
ERK1/2 MAPK. On straight fibers, static stretch had no impact on signaling, while on
crimped scaffolds, a marked upregulation in signal was observed. This activation at low

112

strain levels likely indicates that the shearing that occurs between crimped fibers as they
straighten influences cellular behavior.

In summary, we have developed and validated a new method for generation of aligned
nanofibrous scaffolds with high porosity and crimp, providing mechanical non-linearity.
This crimp regulates both bulk and micro-mechanical properties, influencing cellular
response to stretch. This microstructure and the alterations in strain transfer that it causes
may provide specific cues during mechanical loading that are important in formation and
maintenance of functional fiber-reinforced tissues.
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CHAPTER 7: CYTOSKELETAL TO NUCLEAR STRAIN
TRANSFER REGULATES YAP SIGNALING IN
MESENCHYMAL STEM CELLS WITH DYNAMIC
LOADING

7.1 Intro
Mesenchymal stem cells (MSCs) are a popular cell source for tissue engineering and
regenerative medicine applications given their multi-lineage differentiation potential. In
addition to soluble factors, the differentiation of these cells can be regulated by
mechanical cues from the microenvironment, including passive inputs such as substrate
stiffness (Engler, Sen et al. 2006) or cell adhesion area (McBeath, Pirone et al. 2004) as
well as active inputs such as dynamic compression (Angele, Schumann et al. 2004) or
tension (Baker, Shah et al. 2011). Interpretation of these mechanical differentiation cues
requires cytoskeletal tension, which enables cells to probe their surroundings (McBeath,
Pirone et al. 2004, Engler, Sen et al. 2006) and translate physical cues into changes in
biologic activity. Cytoskeletal tension also regulates a number of mechanical and
structural attributes of the cell, which are important for cellular interpretation of
mechanical signals, and can change with differentiation status (Fu, Wang et al. 2010).
Given that downstream application of stem cells often involves their placement into a
mechanically loaded microenvironment, it is critical to elucidate the relationship between
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physical inputs and translation of these signals to biologic activity in stem cell
populations.

The attachments that cells make to molecules in their immediate microenvironment and
to one another are mechanosensitive, growing or shrinking in a tension-dependent
manner (Bershadsky, Balaban et al. 2003). Numerous molecules located at or within the
cell membrane are mechanosensitive.

These include stretch activated ion channels,

which open when mechanical force is applied (Volkers, Mechioukhi et al. 2014), and
integrin associated molecules, such as FAK, paxillin, talin and vinculin, all of which
activate with force (Dumbauld, Michael et al. 2010, Grashoff, Hoffman et al. 2010,
Pasapera, Schneider et al. 2010, Margadant, Chew et al. 2011, Carisey, Tsang et al. 2013)
by changing their conformational state under load and exposing cryptic binding sites that
recruit or activate molecules involved in downstream signaling (Papagrigoriou, Gingras
et al. 2004, del Rio, Perez-Jimenez et al. 2009). Additionally, forces within this tensed
actin cytoskeleton are transmitted to subcellular organelles, the largest and stiffest of
these being the nucleus (Pajerowski, Dahl et al. 2007). Cytoskeletal forces regulate both
stress and strain within the nucleus, through connections mediated by the LINC complex
(LInker of Nucleoskeleton and Cytoskeleton). It has recently been shown that contractile
pre-stress in the cytoskeletal network is necessary for the rapid activation of Src kinase
deep within the cell, at cytoskeletal intersection points (Na, Collin et al. 2008). Still more
recently, it has been reported that in isolated nuclei, stretching of the LINC complex
component nesprin 1 induces a rapid Src kinase dependent phosphorylation of emerin on
the inner nuclear membrane (Guilluy, Osborne et al. 2014). This phosphorylation event
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changes association with the nuclear structural protein lamin A, resulting in stiffening of
the nucleus and regulation of downstream transcription of mechanically regulated genes.
Thus, transfer of mechanical force through the tensed actin cytoskeleton to the nucleus is
likely important in mechanosensing, and identifying specific pathways that are regulated
by this strain transfer is therefore an important goal.

One pathway that mediates MSC mechanosensing is the YAP/TAZ mechanotransduction
pathway (Dupont, Morsut et al. 2011). YAP relays mechanical input through a RhoGTPase dependent translocation to the nucleus, where it acts to regulate gene
transcription (Dupont, Morsut et al. 2011). These mechanotransductive elements are
likewise required for substrate stiffness induced differentiation of MSCs. Additionally, it
has been shown that the YAP/TAZ pathway can be activated with dynamic tensile
loading of myoblasts (Bertrand, Ziaei et al. 2014), and that mutations in the nuclear
lamina or in components of the LINC complex perturb this response (Bertrand, Ziaei et
al. 2014, Guilluy, Osborne et al. 2014). Therefore, mechanosensing through YAP is
likely dependent on forces transmitted through the cytoskeleton and to the nucleus.

Both matrix organization and composition play a crucial role in determining how strain is
transmitted through the cell and to the nucleus.

In native tissues, nuclear strain

transmission is highly variable, depending on tissue type and local matrix properties
(Bruehlmann, Hulme et al. 2004, Upton, Gilchrist et al. 2008, Han, Heo et al. 2013). In
the case of cells removed from tissues and plated on flat two-dimensional surfaces,
nuclear deformation still occurs with applied mechanical stretch (Lammerding, Hsiao et
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al. 2005), but reorientation of both the cell and its nucleus away from the direction of
stretch alters the extent to which this nuclear deformation occurs at later time points.
When cells are oriented on surfaces using parallel microgrooves, stretch perpendicular to
alignment results in significantly less nuclear deformation than stretch in the direction of
alignment (Li, Chu et al. 2011), and this differentially regulates cellular activities
(Kurpinski, Chu et al. 2006). Previously, we have shown, in the context of a threedimensional aligned fibrous environment, that nuclear strain transfer is dependent on the
presence of the actin cytoskeleton, and is independent of the patency of the microtubule
and intermediate filament networks (Nathan, Baker et al. 2011). We also showed that
nuclear deformation and biologic response was dependent on the direction of stretch with
respect to fiber orientation (Heo, Nerurkar et al. 2011), and that realignment of cells
within an aligned fibrous network does not occur with long-term dynamic stretch (Baker,
Shah et al. 2011). The organization of the microenvironment in which a cell resides thus
plays a critical role in determining both the transfer of strain through the cell and the
response of that cell to loading. Therefore, it is important to understand the molecular
mechanisms of cellular mechanotransduction in the context of fibrous topographies that
more closely mimic native tissue environments.

Despite a growing understanding that mechanosensing occurs at the nuclear membrane
(in addition to traditional focal adhesions at the cell periphery), the exact role that transfer
of strain to the nucleus plays in the response of MSCs to tensile stretch is not clear, and
the importance of nuclear strain versus nuclear stress concentrations is as yet unknown.
Further, there likely exist mechanosensitive pathways that depend specifically on nuclear
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strain transfer and nuclear deformation, as well as others that signal primarily from cell
membrane associated mechanosensitive signaling modules. In this study, we assayed the
extent to which nuclear and cytoskeletal pre-stress regulate transmission of strain to the
MSC nucleus, and the role of this pre-stress in the regulation of both short- and long-term
interpretation of mechanical cues. We employed both static and dynamic tensile stretch,
in the presence or absence of pharmacologic regulators of cytoskeletal tension and
filamentous actin patency, to determine the roles that cytoskeletal tension and nuclear
deformation play in activating the early response (ERK1/2 MAP kinase, YAP/TAZ) and
longer-term transcriptional programs in response to dynamic mechanical cues.

7.2 Materials and Methods
7.2.1 Scaffold Fabrication
Aligned electrospun scaffolds were generated as described previously (Nerurkar, Baker et
al. 2009) by electrospinning a 14.3% w/v solution of poly(ε-caprolactone) (Bright China,
Hong Kong, China) in 1:1 mixture of N,N-dimethylformamide and tetrahydrofuran
(Fisher Chemical, Fairlawn, NJ). This solution was extruded at a rate of 2.5 mL/hr
through a spinneret (18 gauge stainless steel needle) charged to +13kV. Alignment was
instilled by collecting fibers onto a grounded mandrel rotating with a surface velocity of
~10m/s.

Scaffold mats (~1mm thick) were removed from the mandrel and cut into

65mm x 5mm segments with the long axis oriented in the prevailing fiber direction.
Scaffold segments were disinfected and rehydrated in decreasing concentrations of
ethanol (100, 70, 50, 30%; 1hr/step) and rinsed twice in phosphate buffered saline (PBS).
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Prior to cell seeding, scaffolds were coated in fibronectin for 12-18 hours (Sigma, 20
µg/ml in PBS).

7.2.2 Cell Isolation and Seeding
Bovine bone marrow derived mesenchymal stem cells (MSCs) were isolated from the
tibio-femoral trabecular bone marrow of juvenile calves and plated onto 15cm tissue
culture dishes (Huang, Farrell et al. 2010). MSCs were expanded in basal media (high
glucose DMEM with 10% FBS and 1% PSF) for 2 passages prior to seeding. For
monolayer experiments, MSCs were seeded onto glass slides or fibronectin coated polyacrylamide gels and cultured overnight in serum free, chemically defined media (High
Glucose DMEM with 1x PSF, 0.1µM dexamethasone, 50 µg/mL ascorbate 2-phosphate,
40 µg/mL L-proline, 100 µg/mL sodium pyruvate, 6.25 µg/ml insulin, 6.25 µg/ml
transferrin, 6.25 µg/mL selenous acid, 1.25 mg/mL bovine serum albumin and 5.35
µg/mL linoleic acid) (Baker, Nathan et al. 2010). For stretch studies, cells were seeded
onto 65mm x 5mm fibronectin coated aligned electrospun scaffolds at a density of 2x105
cells per side (protein and mRNA studies) or 5 x104 cells per side (image based studies).

7.2.3 Pharmacologic Regulation of Contractility
Contractility was altered via the application of various pharmacologic agents.
Contractility was decreased using the myosin inhibitor Blebbistatin (Sigma, St Louis,
MO), the myosin light chain kinase inhibitor ML7 (Tocris Biosciences, Bristol, UK), the
ROCK inhibitor Y27632 (Calbiochem Merk, Darmstadt, Germany), and the actin
polymerization inhibitor cytochalasin D (Sigma, St Louis, MO). The ROCK agonist
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lysophosphatidic acid (LPA, Sigma, St Louis, MO) was used to transiently increase
contractility. For experiments focused on dose dependence, concentration was varied
across a range previously reported in the literature. For all other experiments, contractility
moduluators were set at defined levels: Blebbistatin 50µM, ML7 25µM, Y27632 10µM,
CytoD 2.5µM, and LPA 50µM. All inhibitors were added 1 hour prior to fixing or
stretching, while activators (LPA) were added 15 minutes prior to fixing or stretching.

7.2.4 Immunofluorescence
Cells seeded on glass slides overnight were fixed with 4% paraformaldehyde for 20 min
at 37°C then washed and permeablized with 0.05% Triton X-100 in PBS supplemented
with 320mM sucrose and 6mM magnesium chloride. Cells were incubated with antiYAP antibody in 1% BSA in PBS (1:200, Santa Cruz Bio, #sc-101199) overnight at 4°C,
washed 3 times with PBS and then incubated for 60 min at room temperature with AlexaFluor 488 or 546 phalloidin (1:1000, Molecular Probes, Eugene, OR) and Alexa-fluor
546 or 488 goat anti-mouse secondary (1:200, Molecular Probes, Eugene, OR). Cells
were washed 3 times and mounted with DAPI containing mounting medium (ProLong
Gold Antifade Reagent, Molecular Probes, Eugene, OR). Images were taken using a
Nikon Eclipse TE2000-U inverted epi-fluorescence microscope with 20x objective and
quantified using a custom MATLAB program. DAPI images were edge detected using
the Canny edge detection algorithm and nuclear area was quantified. The nuclear outline
was then used as a mask to quantify F-actin staining intensity in the vicinity of the
nucleus. For YAP/TAZ staining on glass, average staining intensity in the nucleus and
within the cytoplasm was quantified using ImageJ; these intensities were used to
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calculate a nuclear to cytoplasmic YAP ratio.

Nuclear height was measured using

ImageJ, based on DAPI staining from orthogonal Y-Z images generated from confocal zstacks (Zeiss LSM 510 with 60x oil objective, acquired with z-resolution of 0.37
µm/pixel).

7.2.5 Traction Force Microscopy
Polyacrylamide (PA) hydrogels (Young’s Modulus, E = 5 kPa) were prepared as in
Aratyn-Schaus (Aratyn-Schaus, Oakes et al. 2010). 0.2µm-diameter fluorescent
microspheres (Invitrogen, #F8810, Carlsbad, CA) were mixed into PA at 1% v/v prior to
polymerization. Fibronectin (20 µg/mL) coating of gel surfaces was accomplished with 2
mg/mL sulfo-SANPAH (Pierce, #22589). Small drops of a UV-curable fixative, NOA68
(Norland Products, Cranbury, NJ), were used to secure the slides in a live cell imaging
chamber. Gels were subsequently washed three times with PBS and sterilized under
germicidal UV light for 1 hour. In all traction force experiments, MSCs were seeded at a
density of 3000 cells/cm2 and allowed to attach for 20 hrs before TFM was performed.
Phase contrast and fluorescent images of multiple cells and embedded beads were
captured at 40X magnification on a Deltavision Deconvolution Microscope. Image
sequences for each cell were taken at three points: i) before addition of contractility
altering-agents, ii) after specified incubation times in the presence of these agents, and iii)
after cell lysis with SDS buffer. All imaging was performed in an environmental chamber
(37°C, 5% CO2). TFM data analysis (stack alignment, PIV, and FTTC) was performed
using a freely available plugin suite for ImageJ, created by Q. Tseng (Tseng, DucheminPelletier et al. 2012) which was adapted from (Dembo and Wang 1999). For FTTC, the
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Poisson’s ratio of the PA gel was assumed to be 0.45 and a regularization parameter of
2e-9 was used. Using a custom MATLAB script, traction force vector maps were
analyzed to determine average traction stress generated by each cell and total force
exerted per cell. Cell area was determined from the corresponding phase contrast images
in ImageJ.

7.2.6 Static Tensile Stretch and Analysis of Nuclear Deformation
Cells seeded on aligned scaffolds were stained with Hoechst (5mg/ml, Molecular Probes,
Eugene, OR) in high glucose phenol-free DMEM containing HEPES for 10 min at 37°C.
Static stretch was applied to determine the role of cytoskeleton tension in nuclear
deformation as a function of scaffold stretch. Scaffolds were stretched (n>4 per group)
up to 15% strain in 3% increments using a tensile device mounted on a Nikon Eclipse
TE2000-U inverted epi-fluorescence microscope using a 20x Plan Fluor ELWD objective
with a tunable correction collar. Nuclear deformation at each step was quantified (n>50
cells per group) using a custom MATLAB program by calculating the ratio of nuclear
principal lengths normalized to 0% strain. A canny edge detection algorithm was used to
detect outer nuclear edges based on gradients in signal intensity. Edges were then
dilated, filled, and grouped into clusters. Principal component analysis was performed on
the clusters to identify principal lengths of the nucleus as in (Nathan, Baker et al. 2011).
A nuclear deformation index (NDI) was then calculated for each experimental group by
normalizing nuclear deformation at each strain level to the mean deformation observed
for the control group at that same strain level. To calculate this index, the average
nuclear deformation (nNAR, nuclear aspect ratio normalized to undeformed state) was
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calculated at each strain level. These averages were used to normalize the nuclear
deformation at each of the 5 strain levels (i=1-5) to the associated deformation in the
control group at that strain level using the following formula:

𝑵𝑫𝑰   =   

𝒏𝑵𝑨𝑹𝑻𝒊 − 𝟏 − 𝒏𝑵𝑨𝑹𝑪𝒊𝑨𝒗𝒆 − 𝟏
∗ 𝟏𝟎𝟎
𝒏𝑵𝑨𝑹𝑪𝟏𝟓%𝑨𝒗𝒆 − 𝟏

Where i indicates the applied strain level (3, 6, 9, 12, 15%), T indicates treatment group,
C indicates control group, and Ave indicates average at that strain level.

Local Lagrangian strains were also calculated using triads of nuclei as fiducial markers at
each strain level to ensure consistent local deformations across scaffolds and
experimental conditions. First, the displacements for each point were calculated based on
a reference image. These displacements were then used to calculate the deformation
gradient tensor F:
𝑭𝒊𝒋 = 𝒅𝒙𝒊 𝒅𝑿𝒋
Where x indicates the deformed point locations, X indicates the undeformed locations,
and i and j indicate the principal directions. This tensor can then be used to calculated the
Lagrangian strain tensor E:
𝟏
𝑬𝒊𝒋 =    𝑭𝑻 𝑭 − 𝑰
𝟐
Components of this tensor give the two-dimensional strains in the two principal
directions as well as the shear strain.
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7.2.7 Dynamic Tensile Stretch
Dynamic stretch (3% strain, 1Hz) was applied in a CO2 incubator using a custom
bioreactor system [8]. For analysis of pERK1/2 response, stretch was applied for 15 min
with inhibitors (Blebbistatin 50µM, ML7 25µM, Y27632 10µM) added 1 hour prior to
stretch and LPA (50µM) added 15 min prior to stretch. For quantification of nuclear
YAP with stretch, cells were loaded for 30 or 360 minutes and fixed and stained with
anti-YAP antibody, Phalloidin, and DAPI immediately or 12 hours after cessation of
loading, with inhibitors added 1 hour prior to stretch. For YAP analysis on scaffold, cells
were imaged using a Nikon A1 laser scanning confocal microscope with 20X objective.
Z-stacks were acquired at 0.75µm slice thickness over the entire cell with the slice
centered at the nucleus used for quantification of the nuclear-to-cytoplasmic YAP ratio.
For analysis of the gene expression, stretch was applied on two consecutive days for 6
hours per day with inhibitors added 1 hour prior to stretch on each day of loading.

7.2.8 Western Blotting
Cells were seeded on aligned scaffolds for 2 days, dynamically loaded for 15 min at 1Hz
to 3% strain, washed once with PBS, and lysed in RIPA buffer (50mM Tris-HCl pH 8.0,
150 mM sodium chloride, 1.0% Triton X-100, 0.1% Sodium Dodecyl Sulfate (SDS), 1%
protease inhibitor cocktail (Sigma, St Louis, MO) and 1% phosphatase inhibitor cocktail
(Sigma, St Louis, MO) to isolate total cellular proteins. Protein isolates were cleared of
insoluble cellular debris by centrifugation (15,000 × g for 15min) and protein
concentration was quantified using the Lowry assay (Biorad, Hercules, CA). Samples
were denatured by boiling for 5 min in reducing buffer containing 2% beta124

mercaptoethanol. Proteins were separated on 4-15% gradient SDS polyacrylamide gels
and transferred to nitrocellulose membranes. Membranes were blocked with 5% bovine
serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) and
probed with p44/p42 MAPK (ERK1/2) or phospho-p44/p42 MAPK (pERK1/2) (Cell
Signaling, Danvers, MA). Membranes were washed three times with TBS-T and treated
with anti-rabbit peroxidase conjugated secondary antibody in 5% BSA-TBS-T (1:1000,
Cell Signaling, Danvers, MA). Blots were developed using SuperSignal West Pico
Chemiluminescent Reagent (Pierce) and exposed to CL-Exposure film (Thermo).

7.2.9 Quantitative Real Time RT-PCR
Changes in gene expression were determined by real time RT-PCR. MSCs were seeded
on aligned nanofibrous scaffolds for 2 days in chemically defined media and then loaded
into the custom tensile bioreactor with or without pharmacologic regulators of
contractility (Blebbistatin 50µM, ML7 25µM, Y27632 10µM) for 1 hour prior to loading
on each day of loading. Cells were dynamically stretched to 3% strain at 1Hz for 6 hours
on two consecutive days. After the second loading, samples were snap frozen in Trizol,
and mRNA was subsequently isolated by phenol-chloroform extraction.

RNA

concentration was quantified (ND-1000, Nanodrop Technologies, Wilmington, DE,
USA) and cDNA synthesized using the SuperScript II First Strand Synthesis kit
(Invitrogen Life Technologies, Carlsbad, CA). PCR was performed with gene specific
primers using an Applied Biosystems StepOnePlus real time PCR machine and the Fast
SYBR Green reaction mix (Applied Biosystems, Foster City, USA). Expression levels of
aggrecan

(AGG,

CCTGAACGACAAGACCATCGA
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and

TGGCAAAGAAGTTGTCAGGCT),

connective

tissue

growth

factor

(CTGF,

CGTGTGCACCGCTAAAGATG; GGAAAGACTCTCCGCTCTGG), and scleraxis
(SCX, GAACACCCAGCCCAAACAGAT, TCCTTGCTCAACTTTCTCTGGTT) were
determined and normalized to the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase

(GAPDH,

ATCAAGAAGGTGGTGAAGCAGG

and

TGAGTGTCGCTGTTGAAGTCG).

7.2.10 Statistical Analysis
All experiments were performed for 2-3 MSC donors and scaffold batches per condition.
Statistical comparisons were performed using one-way or two-way ANOVA with
Tukey’s post hoc testing used to make pair-wise comparisons between groups. Statistical
significance was set at p<0.05. For nuclear deformation experiments, single cells were
tracked and comparisons made using two-way repeated measures ANOVA with Tukey’s
post hoc testing.

7.3 Results
7.3.1 Contractility Regulates Basal Nuclear Shape
Acto-myosin based contractility has previously been shown to play an important role in
regulating nuclear shape and organization in a variety of cell types (Khatau, Hale et al.
2009, Chancellor, Lee et al. 2010, Ramdas and Shivashankar 2014). To determine the
extent to which actin and intracellular tension regulate nuclear shape (aspect ratio, height,
and projected area) in mesenchymal stem cells (MSCs), cells were treated with varying
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levels of pharmacologic regulators of actin assembly and contractility. Subsequently,
treated MSCs were stained with Phalloidin and DAPI to visualize the actin cytoskeleton
and nuclei, respectively. Decreasing contractility by inhibition of either ROCK (Y27632)
or actin polymerization (CytoD) resulted in a dose dependent loss of stress fibers (Figure
7-1A) as well as a dose dependent decrease in the projected area of the nucleus (Figure
7-1B). Decreasing contractility by inhibition of mysosin (Blebbistatin) or myosin light
chain kinase (ML7) activity did not significantly alter F-actin structure, though it still
resulted in a dose dependent decrease in nuclear projected area (Figure 7-1A & 7-1B).
Activation of contractility using the ROCK agonist lysophosphatidic acid (LPA)
increased stress fiber density but did not significantly alter the nuclear projected area
(Figure 7-1A & 7-1B).

Figure 7-1: Cytoskeletal tension regulates nuclear and cytoskeletal morphology. FActin (green) and DAPI (blue) images of cells seeded on glass and treated with
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different doses of ML7, Blebbistatin (Bleb), Y27632 (Y27), Cytochalasin D (CytoD),
or Lysophosphatidic Acid (LPA) (A) (scale = 25µm). Quantification of projected
nuclear area on glass (B) (mean +/- SEM, n>85 cells/ group). Example of F-actin in
the projected area of the nucleus (C) (scale = 10µm) with quantification (D) (mean
+/- SEM, n>85 cells/grp) (ML7=25µM, Y27632=10µM, CytoD=10µM, LPA=50µM).
Example X-Z slices of nuclei (E) (scale = 5µm) used for quantification of nuclear
height (F) (mean +/- SEM, n>13 cells/grp). (* p<0.05, ** p<0.01, # p<0.001 vs.
control; one-way ANOVA with Tukey’s post hoc).
To quantify the extent to which these regulators of contractility altered the number of
stress fibers passing over and under the nucleus, the nuclear outline was used as a mask
to crop actin images, and the average intensity of the filamentous actin in this nuclear
region was quantified (Figure 7-1C). Consistent with previous observations, inhibition
of ROCK or actin polymerization caused a significant loss of stress fibers in the vicinity
of the nucleus while inhibition of MLCK increased the average intensity (due to similar
actin signal coupled with a decrease in projected nuclear area) (Figure 7-1D). Treatment
with the ROCK agonist LPA significantly increased actin intensity over the nucleus.
These alterations in contractility did not significantly affect the aspect ratio of the
nucleus, indicating equal shortening of both nuclear axes with inhibition (not shown). To
assess the extent to which these alterations perturbed the nuclear shape in the third
dimension, confocal imaging was performed and orthogonal X-Z slices were used to
determine changes in nuclear height (Figure 7-1E). With inhibition of contractility (via
any of the inhibitors), a significant increase in the nuclear height (~25-35%) was
observed, while activation of contractility (LPA) resulted in a significant decrease in
nuclear height (~20%) (Figure 7-1F).
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Next, we sought to determine the percent change in actomyosin contractility associated
with these changes in projected nuclear area and height. Traction forces were measured
using 5kPa polyacrylamide gels that were coated with fibronectin and contained
fluorescent microspheres for tracking of substrate deformation. Traction force maps for
single cells before and after treatment with pharmacologic agents showed substantial
decreases in traction force with inhibition of ROCK or MLCK and substantial increases
in traction force with activation of ROCK (Figure 7-2A). Inhibition of ROCK (Y27632,
10µM) or MLCK (ML7, 25µM) decreased total force per cell by 80-90% while treatment
with the ROCK agonist LPA (50µM) increased total force per cell by ~60% (Figure 72B).

Consistent with previous studies (Dupont, Morsut et al. 2011), inhibition of

contractility with either Y27632 or ML7 resulted in a significant decrease in YAP
localization to the nucleus (Figure 7-2C & 7-2D) when MSCs were plated on stiff (glass)
substrates. Interestingly, increasing contractility via addition of LPA did not alter YAP
localization in this context (suggesting that YAP nuclear localization had already reached
its maximum level).
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Figure 7-2: Traction force and YAP localization are regulated by ROCK and
myosin light chain kinase. Traction stress maps for MSCs on 5kPa polyacrylamide
gels before and after addition of ML7, Y27632, or LPA (A) (scale bar = 25µm, units
= Pa) with quantification of % change in total force per cell (B) (n=14-20 cells per
group, * p<0.05, ***p<0.001, one-way ANOVA with tukey’s post hoc).
Quantification of the ratio of nuclear to cytoplasmic YAP signal intensity for MSCs
seeded on glass and treated with ML7 (25µM), Y27632 (10µM), or LPA (50µM) (C)
with example epi-fluorescent images of YAP (red) and DAPI (blue) staining (D)
(scale bar = 25µm).

7.3.2 Contractility Regulates Transfer of Strain to the Nucleus:
Next, we sought to determine the role that filamentous actin and intracellular tension play
in the transfer of strain to the nucleus when exogenous stretch was applied to cells
cultured on aligned nanofibrous scaffolds. For this, we developed a stepper motor driven
micro-tensile device that allows for simultaneous tensile stretch and imaging of cells and
nuclei (Figure 7-3A). With this system, scaffold Lagrangian strains can be quantified
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using triads of nuclei as fiducial markers (Figure 7-3B). Quantification showed that
micro-scale strains in the stretch direction (X1, E11) were very close to the applied strain
and that low shear strains (E12) were observed for all groups (Figure 7-3C). Large lateral
compressive strains (E22) were observed for all groups due to the highly aligned and
porous nature of the electrospun scaffolds. These scaffolds typically display a Poisson’s
ratio of 1.25-1.5, due to their high level of structural anisotropy.

Consistent with our previous studies (Heo, Nerurkar et al. 2011, Nathan, Baker et al.
2011), quantification of nuclear aspect ratio (NAR) with applied stretch in control MSCs
showed a strain dependent increase in NAR, with a wide distribution across the
population (Figure 7-3D). With inhibition of ROCK or actin polymerization (with
Y27632 or CytoD), a significant decrease in nuclear deformation was observed, such that
nuclei deformed ~50% less than control cells (Figure 7-3E). Conversely, decreasing
contractility by inhibition of MLCK with ML7 resulted in a significant increase in
nuclear deformation (Figure 7-3E), potentially due to decreased nuclear pre-stress
despite maintenance of cytoskeleton-to-nucleus connectivity.

Similar results were

observed for inhibition of myosin using blebbistatin (not shown), though in this case
quantification was difficult due to the auto-fluorescent nature of this chemical in
conjunction with the PCL scaffolds. When the baseline contractility level was increased
prior to stretch (using LPA), a significant decrease in nuclear deformation was again
observed, potentially due to stabilization of the nucleus with increased actin and nuclear
pre-stress. These results indicate that both intact actin stress fiber network and the
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tension in that network (exerting pre-stress on the nucleus), plays an important role in the
conversion of extracellular strains to nuclear deformation.

Figure 7-3: Contractility and nuclear pre-strain regulate strain transmission to the
nucleus. Micro-tensile device used for stretch with simultaneous epi-fluorescent
imaging of cell and nuclear deformation on scaffolds (A). Schematic of deformation
analysis (B) indicating the nuclear aspect ratio (NAR) and the locations of nuclear
triads in the deformed (x) and un-deformed (X) states that were used for
Lagrangian strain calculation. Lagrangian strains (C) including shear strain (E12),
strain in the stretch direction (E11), and strain perpendicular to the stretch direction
(E22). Nuclear aspect ratio for control cells normalized to the unstrained (0%
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strain) case (D). Nuclear deformation index (NAR normalized to untreated control
cells at the same strain) for cells treated with ML7 (25µM), Y27632 (10µM),
Cytochalasin D (2.5µM), or LPA (50µM) (E). Nuclei that deform more than control
have a positive NDI and nuclei that deform less than control have a negative NDI.
(mean +/- SEM, n>50 cells/group; two-way repeated measures ANOVA with
Tukey’s post hoc).

7.3.3 Contractility Regulates Response to Dynamic Tensile Stretch:
Next, we sought to determine the importance of contractility and nuclear deformation in
MSC response to dynamic tensile stretch. For these experiments cells were seeded onto
aligned scaffolds for 2 days and then dynamically stretched at 1Hz to 3% strain for either
15 minutes (to assess activation of ERK1/2 signaling) or for 6 hours on two consecutive
days (to assess changes in gene expression). Western blots showed a significant increase
in pERK1/2 with dynamic loading (DL, Figure 7-4A). In the presence of inhibitors of
contractility, the response of pERK1/2 to loading was not completely abrogated (Figure
7-4A & 7-4B) but did show a significantly lower fold increase with loading. This was
due, in part, to a slight increase in baseline pERK1/2 with inhibition of contractility.
With activation of contractility (via the addition of LPA), a significant increase in
baseline pERK1/2 was observed under free swelling conditions (Figure 7-4A & 7-4B).
When stretch was applied in this context, ERK1/2 showed no further increase in
activation (Figure 7-4C).

When dynamic loading was extended over a longer period of time (2 days for 6 hours per
day), untreated MSCs showed a significant increase in expression of the cartilage marker
aggrecan, the growth factor CTGF, and the tendon transcription factor scleraxis.
Inhibition of contractility with blebbistatin, Y27632, or ML7 abrogated the stretch
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induced expression of CTGF (Figure 7-4E) and scleraxis (Figure 7-4F). However,
stretch-induced upregulation of aggrecan expression was only partially inhibited when
contractility was reduced, and this depended on the specific contractility inhibitor
employed. With inhibition of contractility using ML7 or Y27632, a substantial reduction
in the aggrecan response was observed, whereas with inhibition of contractility via
blebbistatin a significant but reduced aggrecan response was still apparent with dynamic
stretch.

Figure 7-4: Contractility regulates response to dynamic stretch. Western blots for
phosphorylated ERK1/2 (pERK) and total ERK1/2 (tERK) for MSCs seeded on
scaffolds and dynamically loaded (DL) to 3% strain at 1Hz for 15 minutes with
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inhibition or activation of contractility (A) (Blebbistatin: 50µM, ML7: 25µM,
Y27632: 10µM, Cytochalasin D: 2.5µM, LPA: 50µM). Densitometry for western
blots (mean +/- SD; n=3/group) plotted as a ratio of pERK/ERK (B) and as the fold
increase in pERK/ERK with loading (C). Gene expression measured by qPCR for
the cartilage marker aggrecan (D), the growth factor CTGF (E), and the tendon
transcription factor scleraxis (F). Loading was administered for 6 hours per day on
two consecutive days; data represent the combined response of 4 independent
experiments (mean+/- SEM, n=9-12/group, two-way ANOVA with Tukey’s post
hoc).
Since it had been previously shown that perturbations in contractility (Dupont, Morsut et
al. 2011) and alterations in nuclear structural proteins that mediate nuclear strain transfer
(Bertrand, Ziaei et al. 2014, Guilluy, Osborne et al. 2014) can alter YAP/TAZ signaling,
we next determined the extent to which YAP signaling was altered with tensile loading of
aligned scaffolds, and the role of cytoskeletal tension in this process.

In unloaded

scaffolds, YAP was primarily cytoplasmic, despite the presence of stress fibers (Figure
7-5) and the high bulk modulus of both the PCL and the electrospun PCL scaffolds
(Baker, Shah et al. 2011). This suggests that the cellular interpretation of the fibrous
microenvironment is more akin to that of a soft substrate. Conversely, with 30 or 360
minutes of dynamic tensile loading, a significant increase in the nuclear/cytoplasmic
YAP ratio was observed (Figure 7-5A and 7-5B). Twelve hours after cessation of
loading (for the 360 minute loading cycle), YAP nuclear to cytoplasmic ratio returned to
baseline levels. With inhibition of ROCK (using Y27632), YAP remained cytoplasmic in
free swelling conditions (Figure 7-5C) and there was a significant reduction in YAP
nuclear localization with 30 minutes of dynamic stretch (Figure 7-5D). Conversely,
when cytoskeletal tension was reduced (but nuclear deformation was preserved) by
inhibition of myosin light chain kinase (with ML7), YAP translocation to the nucleus was
still observed with 30 minutes of dynamic stretch (Figure 7-5D).
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Figure 7-5: YAP signaling is activated by dynamic stretch and requires strain
transfer to the nucleus but not cytoskeletal tension. Representative z-projected
images of YAP staining (A) and quantification of the nuclear to cytoplasmic YAP
ratio (B) for cells seeded on scaffold and dynamically stretched to 3% strain at 1Hz
for 0min, 30min or 360min or 360min + 12 hours of free-swelling culture (scale bar
= 25µm; mean+/- SEM; n=38-46 cells/group, two-way ANOVA with Tukey’s post
hoc). Representative z-projected images of YAP staining (green) with associated
Actin (red) and DAPI (blue) (C) with quantification (D) after 0 or 30 minutes of
loading under control conditions or with the ROCK inhibitor Y27632 (10µM) or the
myosin light chain kinase inhibitor ML7 (25µM). (mean+/- SEM, n=26-34
cells/group, two-way ANOVA with Tukey’s post hoc). ** p<0.01, **** p<0.0001.
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7.4 Discussion
Fiber reinforced soft tissues are exposed to large loads and deformations that are
transmitted through their hierarchical extracellular matrix to both cells and their nuclei
within (Han, Heo et al. 2013), regulating numerous cellular processes and playing
important roles in the formation, maintenance, and ultimately degeneration of these
tissues. In the context of engineered replacements for these tissues, it will be important
to understand both the extent to which these macro-to-microscale deformations are
recapitulated in the engineered constructs, as well as the mechano-responsiveness of the
cell types used in the fabrication of these constructs. MSCs are widely used in these
types of applications (Baker, Shah et al. 2011) and it is well established that they respond
to mechanical signals in a manner that is dependent on a contractile cytoskeleton
(McBeath, Pirone et al. 2004, Engler, Sen et al. 2006). As with native tissue cells, nuclei
within MSCs also undergo marked deformations with applied tensile stretch (Heo,
Nerurkar et al. 2011, Nathan, Baker et al. 2011, Han, Heo et al. 2013). In this study, we
found that both the presence of a patent actin cytoskeleton and the tension within this
cytoskeletal network regulates the transmission of strain to the nucleus, and demonstrated
differential short- and long-term response of MSCs to dynamic tensile loading based on
the contractility state. Specifically, we showed that while a patent actin cytoskeleton is
necessary for cytoskeletal strain transfer to the nucleus and activation of the YAP/TAZ
pathway with stretch, other mechanoactive signaling pathways (e.g. ERK signaling) can
be activated in the absence of nuclear strain transfer.
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Consistent with previous studies (Chancellor, Lee et al. 2010), we found that decreasing
contractility reduces actomyosin forces that pre-stress the nucleus, resulting in an
increase in nuclear height and a decrease in projected nuclear area. This pre-stress
dictates the extent to which additional deformation can be transferred to the nucleus.
Loss of both contractility and stress fibers, by ROCK inhibition or actin depolymerization, resulted in a significant decrease in nuclear strain transfer, likely due to a
loss of the cytoskeletal-to-nucleoskeletal connectivity required for force transmission.
Our observation of a loss of stress fibers with ROCK inhibition is consistent with
previous work, which showed that ROCK directly regulates actin polymerization and
depolymerization through the LIM-kinase and cofilin pathway (Maekawa, Ishizaki et al.
1999).

Interestingly, treatment with ML7 resulted in a loss of contractility, but

maintenance of actin stress fibers. Under this scenario, we observed a decrease in the
pre-stress acting on the nucleus (i.e., a smaller nuclear projected area) but an increase in
nuclear deformation with applied stretch. This suggests that the remaining stress fibers
were capable of transferring strain to the nucleus under these conditions. Conversely,
when contractility was increased (via the addition of LPA), the higher forces acting on
the nucleus resulted in compression in the z-axis, flattening and stabilizing the nucleus,
thus preventing additional strain from being transmitted to this organelle. This increased
strain acting on the nucleus in the baseline state may also result in stiffening of the
nucleus, due to the hyper-elastic strain stiffening nature of this organelle (Caille,
Thoumine et al. 2002).
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In addition to nuclear strain transfer, the mechano-responsivity of cells was differentially
influenced by a change in contractility. Independent of nuclear deformation, a decrease
in cytoskeletal tension resulted in a small decrease in activation of the ERK1/2 pathway
and significant decrease in scleraxis gene expression in response to mechanical loading.
This may be due, at least in part, to the fact that many mechanosensitive proteins within
focal adhesions, which are known to activate ERK, depend on forced unfolding events.
For these mechanosensory events localized to the cell membrane, the amount of strain
transfer to the nucleus is likely less important than the concentration of stress at this
location (which is required for protein unfolding within the membrane-bound complex).
One would predict that any decrease in cytoskeletal tension would result in lower stresses
within the cell, particularly at actin associated mechanosensory complexes such as focal
adhesions (Dumbauld, Shin et al. 2010, Pasapera, Schneider et al. 2010) and the LINC
complex (Luxton, Gomes et al. 2010, Guilluy, Osborne et al. 2014).

Of note however, not all mechanically regulated genes were equally affected by a
decrease in contractility. Some genes, for instance aggrecan, were less sensitive to a loss
in contractility. This may be due to the fact that aggrecan induction is enhanced with
inhibition of contractility (Woods and Beier 2006). Additionally, the ERK response with
load was not prevented when cytoskeletal tension was reduced using any of the
inhibitors. This may be due to the fact that other mechanosensitive pathways can activate
ERK (such as stretch-activated ion channels) that are less sensitive to a loss in
cytoskeletal tension, depending instead on membrane tension (Schmidt, del Marmol et al.
2012, Anishkin, Loukin et al. 2014). These channels are mechanosensitive even in
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artificial bilayers that lack cytoskeletal components (Brohawn, Su et al. 2014), increasing
their opening probability in proportion to the level of tension applied the membrane.

Unlike these early signaling events, the response of the YAP signaling pathway required
stress fibers and cytoskeletal strain transfer to the nucleus. Both of these are lost with
ROCK inhibition but maintained with myosin light chain kinase inhibition. This would
point to a cytoskeletal and Rho GTPase dependent mechanotransduction mechanism,
whereby strain transfer into the cell through a patent actin cytoskeleton to the nucleus is
necessary for the YAP signaling in response to dynamic tensile loading. However, with
longer-term inhibition of cytoskeletal tension during loading, the induction of CTGF, a
downstream gene activated by YAP/TAZ, was reduced. This is likely due to longer-term
loss of cytoskeletal tension feeding back to reduce stress fibers and cytoskeletal strain
transfer.
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Figure 7-6: Schematic illustration of the differing routes of mechanotransduction.
Mechoactivation may occur via cell membrane mediated mechanotransduction
modules or through cytoskeletal-to-nuclear strain transfer mediated
mechanotransduction modules. In baseline conditions, both pathways are likely
operative (A). When ROCK is inhibited with Y27632, a decrease in nuclear prestrain and depolymerization of actin is observed (B). This leads to a loss in
cytoskeletal-to-nuclear strain transfer mediated mechanotransduction through YAP
activation, but does not completely abrogate signals originating as a result of tension
at the cell membrane.
In summary, our results suggest that the MSC nucleus is under a state of pre-stress and
strain that is dictated by the level of actomyosin contractility within the cell, that this prestrain regulates the deformability of the nucleus when exogenous stretch is applied to the
cell, and regulates response to physical signals transmitted to the cell from the
microenvironment.

A nucleus with high pre-stress has low deformability while a

nucleus with low pre-stress has high deformability, as long as the connecting actin stress
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fibers are intact. A loss of tension in the pre-stressed cytoskeletal network reduces, but
does not prevent, activation of the YAP and ERK signaling pathways in response to
applied dynamic stretch. However, complete loss of a patent actin cytoskeleton (and the
strain transfer to the nucleus that it enables), completely inhibits YAP signaling in
response

to

stretch.

Thus,

if

both

membrane

and

cytoskeletal-to-nuclear

mechanotransduction pathways exist (Figure 7-6A), loss of strain transfer would prevent
the activation of cytoskeletal and nuclear associated mechanosensitive elements (Figure
7-6B). In contrast, when only cytoskeletal tension is reduced, a lower nuclear pre-strain
allows for larger nuclear deformations and cytoskeletal mechanotransduction is
maintained. These results support the idea that cytoskeletal strain transfer into the cell is
important for YAP mechanosensing events. Despite this, the specific stretch sensitive
molecules responsible for the mechano-modulation of YAP signaling through noncanonical pathways are still unclear (Low, Pan et al. 2014). Given that both focal
adhesion and LINC complexes provide the termini for the actin cytoskeleton,
understanding how force is transmitted through these complexes to activate proteins
within will be important for understanding the molecular mechanisms by which
contractility regulates stem cell responses to tensile stretch and ultimately lineage
specification in mechanically loaded environments.
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CHAPTER 8: LINC COMPLEX ALTERATIONS WITH
TISSUE DEVELOPMENT AND STEM CELL
DIFFERENTIATION REGULATE NUCLEAR STRAIN
TRANSFER AND MECHANOTRANSDUCTION

8.1 Introduction
Mechanical forces transmitted through the cellular micro-environment are critically
important for tissue development (Kahn, Shwartz et al. 2009), homeostasis (Maeda,
Sakabe et al. 2011) and degeneration (Jeffrey, Thomson et al. 1997), particularly for
tissues in the musculoskeletal system that play primary load bearing roles (Shwartz, Blitz
et al. 2013). Cells sense forces within this microenvironment through protein unfolding
events that initiate downstream signaling through recruitment of binding partners or
release of signaling molecules (e.g., ion transport, kinase activation).

These

mechanotransduction events depend on both the structural network of proteins outside of
the cell (the ECM) as well as the structural network of proteins within the cell (adhesion
complexes and the cytoskeleton) that transmit these forces to mechanosensitive
molecules within (Vogel and Sheetz 2006, Geiger, Spatz et al. 2009, DuFort, Paszek et al.
2011, Jahed, Shams et al. 2014). Numerous mechanotransduction mechanisms exist,
many of which function at the cell surface. However, recent work has also illustrated that
mechanical forces can also be transmitted deep within the cell (Wang, Tytell et al. 2009),
rapidly instigating signal transduction at sites that are distant from the cell membrane
(Na, Collin et al. 2008), including within the nucleus itself (Poh, Shevtsov et al. 2012).
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The LINC complex is a structural network of proteins embedded in the nuclear envelope
that permits for direct physical connectivity between the nucleus and the cytoskeleton,
thereby regulating nuclear strain transfer (Lombardi, Jaalouk et al. 2011), nuclear
positioning (Luxton, Gomes et al. 2010), and mechanotransduction (Lammerding,
Schulze et al. 2004, Lammerding, Hsiao et al. 2005, Chambliss, Khatau et al. 2013,
Guilluy, Osborne et al. 2014). These proteins show tissue specific expression patterns
that regulate development (Randles, Lam le et al. 2010, Verstraeten, Renes et al. 2011),
differentiation (Smith, Zhang et al. 2011, Swift, Ivanovska et al. 2013) and can cause
disease (Hale, Shrestha et al. 2008, Puckelwartz, Kessler et al. 2010) and/or early
degeneration (Zhang, Bethmann et al. 2007, Attali, Warwar et al. 2009). Recently, it has
been shown that the LINC complex component lamin A/C scales with tissue stiffness and
is regulated by substrate stiffness in mesenchymal stem cells, thereby potentially playing
a role in the fate decisions that are governed by passive cues such as substrate elasticity
(Swift, Ivanovska et al. 2013). More recently, it has been shown in isolated nuclei that
stretching of the LINC complex component nesprin 1 induces the rapid SRC kinase
dependent phosphorylation of emerin, which in turn recruits and couples to lamin A/C
and stiffens the nucleus (Guilluy, Osborne et al. 2014). These data indicate that the
nucleus itself is mechanosensitive, adapting to physical forces transmitted to it through
the LINC complex. Despite this growing body of evidence, little is known regarding the
specific molecular mechanisms by which physical perturbation of the nucleus through the
LINC complex regulates cellular mechanotransduction.
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While the centrality of the LINC complex in mechanotransduction is becoming
increasingly clear, little attention has thus far been paid to the function of these molecules
during development or with stem cell differentiation. Given that lamin A/C appears to
scale with tissue stiffness (Swift, Ivanovska et al. 2013), and most musculoskeletal
tissues change in mechanics with tissue maturation (and degeneration) (Penn, Wolfson et
al. 1989, Ionescu, Lee et al. 2011, Mahmoodian, Leasure et al. 2011), one would expect
that the lamin A content may likewise be regulated during normal tissue development.
Similarly, studies focused on engineering replacements for these load bearing tissues
often begin with immature constructs that increase in mechanical properties with time,
likely driving changes in these mechanosensitive proteins. Likewise, in both the normal
course of development and in the growth of engineered constructs, the trajectory of this
tissue maturation can by regulated by superposition of additional mechanical factors,
such as dynamic loading (Wozniak and Chen 2009, Mammoto and Ingber 2010).
Importantly, for many such systems, maintenance of phenotype in these mechanically
active microenvironments requires appropriately tuned mechanotransduction machinery.
While native tissue structural and mechanical benchmarks are commonly used in tissue
engineering to quantify and validate outcomes and refine experimental approaches
(Nerurkar, Elliott et al. 2010), these same benchmarks have not yet been extended to the
sub-cellular level. However, it is at this sub-cellular level that functionally appropriate
and tissue specific mechanotransduction machinery operates. Understanding how subcellular mechanoactive species (including the cytoskeleton, the nucleus, and nuclear
connectivity) change with differentiation and development, as well as their role in
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mechanical signaling, will be of primary importance for tissue engineering, and
aberrations in these cyto-structural features may shed new light on disease processes.

In this study, we provide evidence that members of the LINC complex, specifically
nesprin 1 giant (N1G) and lamin A/C (LMNA), regulate the response of mesenchymal
stem cells (MSCs) to static (e.g., substrate stiffness) and dynamic (e.g. tensile loading)
mechanical perturbations. Concordant and discordant regulation of these two molecules
were observed, with differing outcomes in terms of strain transfer the nucleus, signal
transduction, and differentiation. In fibro-chondrocytes from fetal, juvenile, and adult
animals, a concordant LINC mechanism was observed, where nuclear connectivity
(through N1G) increased in step with increases in nuclear stiffness (through LMNA,
driven by increased tissue stiffness). Conversely, both concordant and discordant LINC
mechanisms were observed in MSCs induced towards a fibro-chondrogenic state,
depending on whether differentiation was evoked by soluble versus mechanical cues.
Given that these changes ultimately regulated mechano-transduction through YAP, our
results indicate that structural components at the nuclear to cytoskeletal interface are
important for mechanotransduction, change with differentiation and development, and
ultimately influence cellular interpretation of mechanical signals.

8.2 Materials and Methods
8.2.1 Cell Isolation and Culture
All cells were isolated from fresh bovine tibio-femoral joints.

Meniscus

fibrochondrocytes (MFCs) were isolated from the outer or inner regions of the lateral
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menisci of fetal, juvenile, and adult legs, as indicated. Biopsy punches (4mm) were taken
from both regions and the surface region (meniscal superficial zone). For outer meniscal
cells, the surface region (superficial zone of the meniscus) was removed and discarded.
Punches were then diced and placed into 10cm tissue culture dishes. Meniscus cells were
allowed to crawl from the tissue and expand over the course of 12-16 days in basal media
(high glucose DMEM with 10% FBS and 1% PSF). Mesenchymal stem cells (MSCs)
were isolated from the trabecular bone marrow of juvenile joints donor matched to
juvenile MFCs and plated onto 15cm tissue culture dishes (Huang, Yeger-McKeever et
al. 2008). MSCs were expanded in basal media for 1-2 passages prior to seeding.

For monolayer experiments, cells were seeded onto glass slides or fibronectin coated
poly-acrylamide (PA) gels and cultured overnight in basal media. For stretch studies,
cells were seeded onto 65mm x 5mm fibronectin coated aligned electrospun scaffolds at a
density of 2x105 cells per side (protein and mRNA studies) or 5 x104 cells per side (image
based studies). Seeded scaffolds were cultured for two days prior to stretch experiments
in a chemically defined media (high glucose DMEM with 1x PSF, 0.1µM
dexamethasone, 50 µg/mL ascorbate 2-phosphate, 40 µg/mL L-proline, 100 µg/mL
sodium pyruvate, 6.25 µg/ml insulin, 6.25 µg/ml transferrin, 6.25 µg/mL selenous acid,
1.25 mg/mL bovine serum albumin and 5.35 µg/mL linoleic acid) (Baker, Nathan et al.
2010).

For longer term fibrochondrogenic differentiation and loading studies, cells were seeded
on aligned electrospun scaffolds and cultured for 7 days in chemically defined media
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(control, and dynamic loading groups) or chemically defined media containing 10ng/ml
TGF-β3. For osteogenic differentiation, MSCs were seeded on glass slides at a density of
25 cells/mm2 and cultured for 21 days in osteogenic media (DMEM, 10% FBS, 50uM
ascorbic acid-2-phosphate, 10mM β-glycerophosphate, and 200nM dexamethasone). For
adipogenic differentiation, MSCs were seeded at a density of 100 cells/mm2 and cultured
for 14 days in adipogenic media (DMEM, 10% FBS, 1uM dexamethasone, 10mg/ml
insulin, and 0.5 mM methylisobutylxanthine).

8.2.2 Lentiviral Delivery of miRNA
Knockdown of LINC complex components was performed using miR RNAi delivered
using a lentiviral vector based system (Block-it Lentiviral Pol II miR RNAi Expression
System with EmGFP, Invitrogen). Lamin A/C was knocked down using a verified
BLOCK-iT miRNA vector. Three nesprin 1 giant vectors were designed and the miRNA
sequence

that

resulted

in

the

highest

levels

of

knockdown

was

used

(TGCCGAGGACCTTCATCTTCT). miRNA sequence containing oligos were annealed
and ligated into pCDNA6.2-GW/ Em-GFP.

miRNA containing cassettes were then

transferred to pLenti6/V5-DEST via the Gateway cloning reaction and sequenced prior to
viral production in HEK293FT cells. Virus (media supernatant) was titered by infection
of MSCs and selection for blasticidin resistance (at 14 days) or analysis of %GFP
positive cells (at 4 days) using a flow cytometer (FACSCaliber, Beckson Dickson, with
CellQuest Pro software). For all experiments, cells were infected with virus overnight.
Four days post infection, cells were trypsinized and re-seeded on glass, polyacrylamide
gels, tissue culture plastic, or aligned electrospun scaffolds for assays. Knockdown was
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verified by dot blot for nesprin 1 following 1MDa size filtration (Supplemental Figure
1a) or by western blot and immunostaining for lamin A/C (Supplemental Figure 1b and
1c).

8.2.3 Aligned Electrospun Nanofibrous Materials
Aligned scaffolds were fabricated as described previously. Briefly, a 14.3% w/v solution
of poly(ε-caprolactone) (Bright China, Hong Kong, China) in 1:1 mixture of N,Ndimethylformamide and tetrahydrofuran (Fisher Chemical, Fairlawn, NJ) was expelled
from a charged (+13kV) spinneret (18 gauge stainless steel needle) at a rate of 2.5 mL/hr.
Fibers were collected over 10 hours on a grounded mandrel rotating with a surface
velocity of ~10m/s to induce fiber alignment. Collected fibers formed mats (~1mm
thick) that were removed from the mandrel and cut into 65mm x 5mm segments with the
long axis oriented in the prevailing fiber direction. Scaffold segments were disinfected
and rehydrated in decreasing concentrations of ethanol (100, 70, 50, 30%; 1hr/step) and
rinsed twice in phosphate buffered saline (PBS). Prior to cell seeding, scaffolds were
coated in fibronectin for 12-18 hours (Sigma, 20 µg/ml in PBS).

8.2.4 Quantification of Nuclear Deformation with Static Stretch
Cells seeded on aligned scaffolds were stained with Hoechst (5mg/ml, Molecular Probes,
Eugene, OR) in high glucose phenol-free DMEM containing HEPES for 10 min at 37°C.
Static stretch was applied to determine the role of LINC complex components in nuclear
deformation as a function of scaffold stretch. Scaffolds were stretched (n>7 per group)
up to 15% strain in 3% increments using a tensile device mounted on a Nikon Eclipse
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TE2000-U inverted epi-fluorescence microscope using a 20x Plan Fluor ELWD objective
with a tunable correction collar. Nuclear deformation at each step was quantified (n>80
cells per group) using a custom MATLAB program by calculating the ratio of nuclear
principal lengths normalized to 0% strain. As described previously (Driscoll 2015), a
Canny edge detection algorithm was used to detect outer nuclear edges based on
gradients in signal intensity. Edges were then dilated, filled, and grouped into clusters.
Principal component analysis was performed on the clusters to identify principal lengths
of the nucleus as in (Nathan, Baker et al. 2011). A nuclear aspect ratio (NAR) was
calculated for each cell at each strain and normalized to the undeformed control.
Additionally, a nuclear deformation index (NDI) was calculated for each experimental
group by normalizing nuclear deformation at each strain level to the mean deformation
observed for the control group at that same strain level (Driscoll 2015).

Local

Lagrangian strains were also calculated using triads of nuclei as fiducial markers at each
strain level to ensure consistent local deformations across scaffolds and experimental
conditions. This was performed as a control, to ensure equal stretching of groups.

8.2.5 Dynamic Tensile Loading
Dynamic tensile stretch (3% strain, 1Hz) was applied in a CO2 incubator using a custom
bioreactor system [8]. For short-term experiments, cells seeded on scaffolds for 2 days
were dynamically loaded for 15 minutes (pERK1/2 response), 30 minutes (YAP/TAZ
response), or 6 hours (mRNA response). For quantification of phosphorylated ERK1/2
with stretch, protein was isolated immediately following stretch. For quantification of
nuclear YAP with stretch, cells were fixed and stained with anti-YAP antibody,
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Phalloidin, and DAPI immediately after cessation of loading. For YAP analysis on
scaffold, cells were imaged using a Nikon A1 laser scanning confocal microscope with
20X objective. Z-stacks were acquired at 0.75µm slice thickness over the entire cell with
the slice centered at the nucleus used for quantification of the nuclear-to-cytoplasmic
YAP ratio.

8.2.5 Traction Force Microscopy
Polyacrylamide (PA) hydrogels (Young’s Modulus, E = 5 kPa) were prepared as in
Aratyn-Schaus (Aratyn-Schaus, Oakes et al. 2010). 0.2µm-diameter fluorescent
microspheres (Invitrogen, #F8810) were mixed into PA at 1% v/v prior to
polymerization. Fibronectin (20 µg/mL) coating of gel surfaces was accomplished with 2
mg/mL sulfo-SANPAH (Pierce, #22589). Small drops of a UV-curable fixative, NOA68,
were used to secure the slides in a live cell imaging chamber. Gels were subsequently
washed three times with PBS and sterilized under germicidal UV light for 1 hour. In all
traction force experiments, MSCs were seeded at a density of 3000 cells/cm2 and allowed
to attach for 20 hours before TFM was performed. Phase contrast and fluorescent images
of multiple cells and embedded beads were captured at 40X magnification on a
Deltavision Deconvolution Microscope. All imaging was performed in an environmental
chamber (37°C, 5% CO2). TFM data analysis (stack alignment, PIV, and FTTC) was
performed using a freely available plugin suite for ImageJ, created by Q. Tseng (Tseng,
Duchemin-Pelletier et al. 2012) which was adapted from (Dembo and Wang 1999). For
FTTC, the Poisson’s ratio of the PA gel was assumed to be 0.45 and a regularization
parameter of 2e-9 was used. Using a custom MATLAB script, traction force vector maps
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were analyzed to determine average traction stress generated by each cell and total force
exerted per cell. Cell area was determined from the corresponding phase contrast images
in ImageJ.

8.2.6 Atomic Force Microscopy
Peri-nuclear stiffness was determined by atomic force microscopy (6000 ILM-AFM,
Agilent Technologies). Passage 1 cells were plated on 30mm tissue culture dishes for 2448 hours. Cells were probed using a silicon nitride tip modified with a silicon oxide glass
sphere 1um in diameter (nominal spring constant of 0.06 N/m, Novascan; individual
cantilever spring constants were calibrated via measurement of thermal oscillation). To
quantify peri-nuclear stiffness, the first 300 nm of indentation data were fit with the Hertz
model (Kuznetsova, Starodubtseva et al. 2007). Values of peri-nuclear stiffness were
taken as the average of measurements made in at least two different regions of the
nucleus and 39-40 cells of each type were tested.
8.2.7 Quantitative Real Time RT-PCR
Changes in gene expression were determined by real time RT-PCR. MSCs were seeded
on aligned nanofibrous scaffolds for 2 days in chemically defined media and then loaded
into the custom tensile bioreactor. Cells were dynamically stretched to 3% strain at 1Hz
for 6 hours. For differentiation studies, cells were loaded to 3% strain at 1Hz for 6 hours
on 5 consecutive days in chemically defined media. These were compared to cells
differentiated using the soluble factor TGF-β3. Samples were snap frozen in Trizol, and
mRNA was subsequently isolated by phenol-chloroform extraction. RNA concentration
was quantified (ND-1000, Nanodrop Technologies, Wilmington, DE, USA) and cDNA
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synthesized using the SuperScript II First Strand Synthesis kit (Invitrogen Life
Technologies, Carlsbad, CA). PCR was performed with gene specific primers using an
Applied Biosystems StepOnePlus real time PCR machine and the Fast SYBR Green
reaction mix (Applied Biosystems, Foster City, USA). Expression levels of aggrecan
(AGG), connective tissue growth factor (CTGF), and scleraxis (SCX), nesprin 1 giant
(N1G, directed at the N-terminal calponin homology domain), and nesprin 2 giant (N2G,
directed at the N-terminal calponin homology domain) were determined and normalized
to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Primers designed based on the bovine cDNA sequences (5’-3’) were:
(AGG, CCTGAACGACAAGACCATCGA; TGGCAAAGAAGTTGTCAGGCT)
(CTGF, CGTGTGCACCGCTAAAGATG; GGAAAGACTCTCCGCTCTGG)
(SCX, GAACACCCAGCCCAAACAGAT; TCCTTGCTCAACTTTCTCTGGTT)
(GAPDH, ATCAAGAAGGTGGTGAAGCAGG; TGAGTGTCGCTGTTGAAGTCG)
(N1G, GAGAGATTTGCCCCAGATAATCA; AATCCAGACAGAAAAGGAAAGCA)
(N2G, ATATGACACTGCAGCCCACCTT; GGCACCTCGCTGAGGGTATT)
(N1KASH, AAACGCCACGAGGCAAATG; GCCACCTCTTATGGACCTGCTA)
(N2KASH, CGTCTTCTGGCAAATCCATTTC, CCTGTCACCTCCCATTTGTTTGT)
8.2.8 Protein Analysis
Whole cell protein was isolated from cells seeded on scaffold or tissue culture plastic.
Cells were washed once with PBS, and lysed in RIPA buffer (50mM Tris-HCl pH 8.0,
150 mM sodium chloride, 1.0% Triton X-100, 0.1% Sodium Dodecyl Sulfate (SDS), 1%
protease inhibitor cocktail (Sigma, St Louis, MO) and 1% phosphatase inhibitor cocktail
(Sigma, St Louis, MO)) to isolate total cellular proteins. Protein isolates were cleared of
153

insoluble cellular debris by centrifugation (15,000 × g for 15min) and protein
concentration was quantified using the Lowry assay (Biorad, Hercules, CA). Samples
were denatured by boiling for 5 min in reducing buffer containing 2% betamercaptoethanol.

Proteins were separated on 4-15% gradient SDS polyacrylamide gels and transferred to
nitrocellulose membranes. Membranes were blocked with 5% bovine serum albumin
(pERK, ERK, β-Actin, MLCK) or 5% non-fat dry milk (lamin A/C, nesprin 1 & 2) in
Tris-buffered saline containing 0.1% Tween 20 (TBS-T). Primary antibodies used were:
p44/p42 MAPK (ERK1/2, 1:1000, Cell Signaling, #9102) or phospho-p44/p42 MAPK
(pERK1/2, 1:1000, Cell Signaling, #9101), MLCK (1:1000, LSBio, C25729), lamin A/C
(1:200, Thermo, mab636), nesprin 1 (Syne-1 H-100, 1:400, Santa Cruz Bio), nesprin 2
(Syne-2 H-109, 1:400), β-actin (1:1500, Cell Signaling, #4967). Membranes were
incubated with primary antibody in blocking buffer overnight at 4°C. Membranes were
washed three times with TBS-T and treated with anti-rabbit peroxidase conjugated
secondary antibody in blocking buffer (1:1000, Cell Signaling) or anti-mouse peroxidase
conjugated secondary antibody (Jackson Labs). Blots were developed using SuperSignal
West Pico Chemiluminescent Reagent (Pierce) and exposed to CL-Exposure film
(Thermo).

For analysis of nesprin 1 giant levels, whole cell lysate (100ug) was denatured by boiling
with 2% beta-mercaptoethanol (5min) then filtered through a 1MDa size filtration
column at 10,000xg for 10 minutes (Tocris Biosciences). Retentate was re-suspended in
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400ul of RIPA buffer by pipetting and run through the filtration column again. This wash
step was performed again, and then retentate was re-suspended in 100ul of RIPA buffer.
50ul of this retentate solution was spotted onto a hydrated (in TBS) nitrocellulose
membrane (Biorad) using a BioDot dot blot apparatus (Briorad). Vacuum was applied to
the device draining all the wells.

Membrane was removed and immunoblot was

performed as described above for nesprin 1 (Syne-1 H-100, 1:400, Santa Cruz Bio).

For immunoprecipitation, cells were washed once with PBS and lysed in IP buffer
(20mM Tris-HCl pH 8.0, 137 mM sodium chloride, 1.0% Nonidet P-40, 10% glycerol,
1% protease inhibitor cocktail (Sigma, St Louis, MO) and 1% phosphatase inhibitor
cocktail

(Sigma,

St

Louis,

MO)).

IP

was

performed

using

the

Novex

Immunoprecipitation Dynabeads Protein G Kit (#100007D). 2 mg of nesprin antibody
(Santa Cruz Bio) was bound to 50ml of Dynabeads in 200 ml of PBS with Tween-20 and
incubated at room temperature for 10 minutes. Beads were washed and 100mg of whole
cell lysate was added to beads and incubated for 3 hours at room temperature. Beads
were washed three times and bound protein was eluted from beads by heating to 37oC for
10 minutes in 20ml of elution buffer mixed with 10ml of NuPAGE LDS Sample buffer
with beta-mercaptoethanol (2%). Western blot was performed for lamin A/C (1:200,
Thermo, mab636) using the protocol described above.

8.2.9 Immunofluorescence
Cells seeded on glass slides overnight were fixed with 4% paraformaldehyde for 20 min
at 37°C then washed and permeablized with 0.05% Triton X-100 in PBS supplemented
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with 320mM sucrose and 6mM magnesium chloride. Cells were incubated with antiYAP antibody in 1% BSA in PBS (1:200, Santa Cruz Bio, #sc-101199) overnight at 4°C,
washed 3 times with PBS, and then incubated for 60 min at room temperature with
Alexa-Fluor 488 or 546 phalloidin (1:1000, Molecular Probes) and Alexa-fluor 546 or
488 goat anti-mouse secondary (Molecular Probes, 1:200). For vinculin staining, cells
were fixed and permeablized simultaneously using microtubule stabilizing buffer for 10
minutes at 37°C (0.1M PIPES pH6.75, 1mM EGTA, 1mM MgSO4, 4% w/v polyethylene
glycol, 1% Triton X-100, 2% paraformaldehyde), then washed with PBS and stained with
anti-vinculin antibody (1:200, Sigma) in 1% w/v BSA in PBS overnight. Stained cells
were washed 3 times and mounted with DAPI containing mounting medium (ProLong
Gold Antifade Reagent, Molecular Probes). Images were taken using a Nikon Eclipse
TE2000-U inverted epi-fluorescence microscope with 20x objective and quantified using
ImageJ or a custom MATLAB program. DAPI images were edge detected using the
Canny edge detection algorithm and nuclear area was quantified. The nuclear outline
was then used as a mask to quantify F-actin staining intensity in the vicinity of the
nucleus. For YAP/TAZ staining, average staining intensity in the nucleus (DAPI outline)
and within the cytoplasm (F-actin outline) was quantified using ImageJ; these intensities
were used to calculate a nuclear to cytoplasmic YAP ratio.
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8.3 Results
8.3.1 The LINC complex regulates nuclear shape, cytoskeletal organization,
contractility, and YAP signaling in MSCs.
To investigate the role of the LINC complex components nesprin 1 giant (N1G) and
lamin A/C (LMNA) in regulating basal nuclear shape and cytoskeletal organization,
MSCs were infected with lentiviral vectors containing miRNA directed at LMNA, the Nterminal region of N1G, or a negative control sequence (Neg), then plated onto glass
slides or fibronectin coated polyacrylamide (PA) gels of varying stiffness. Knockdown
was verified by western blot and immunostaining (lamin A/C) or by dot blot following
size filtration (N1G), with ~50% knockdown achieved for each molecule (Supplemental
Figure S1a-c). Nuclear height was measured from X-Z confocal images of cells on glass
stained with DAPI (Figure 8-1a). Knockdown of either LINC component resulted in a
significant increase in nuclear height (Figure 8-1b), with N1G knockdown resulting in
larger increases than LMNA knockdown. This suggested that, as described previously for
other cell types (Chancellor, Lee et al. 2010), acto-myosin forces applied to the nucleus
through the LINC complex are important for regulating a pre-strain acting on the nucleus.
In keeping with this concept, quantification of vinculin adhesion staining on glass
(Figure 8-1c) showed an increase in adhesion number and total adhesion area per cell
(Figure 8-1d) with N1G knockdown, with only a slight increase in total cellular area
(Supplemental Figure 8-2a). This indicated that decreasing the extent to which stress
fibers disconnect from the nucleus promoted focal adhesion formation, suggesting
increased traction force generation. To directly measure this, cellular force generation
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was quantified using traction force microscopy (TFM). In this assay, cells deficient in
N1G showed significantly larger bead displacements that corresponded to larger tractions
stresses (Figure 8-1e). Quantification showed a significant increase in total force per cell
with knockdown of N1G, while only slight increases were seen with LMNA knockdown
(Figure 8-1f).

Given that mechanosensing in MSCs is heavily dependent cellular traction forces
(McBeath, Pirone et al. 2004, Engler, Sen et al. 2006), and that this functions though a
traction dependent non-canonical portion of the YAP/TAZ signaling pathway (Dupont,
Morsut et al. 2011), we next addressed the impact that these changes might have on
substrate stiffness sensing through YAP. Consistent with the literature (Dupont, Morsut
et al. 2011), negative control MSCs on low stiffness gels (5 kPa) did not show nuclear
localization of YAP, while those on higher stiffnesses (55 kPa & glass) showed increased
YAP nuclear localization (Figure 8-1g). As expected, control cell spread area increased
with increasing substrate stiffness, and neither knockdown changed this relationship
(Supplemental Figure 8-2a). Moreover, YAP nuclear localization (assessed by either the
intensity ratio of nuclear to cytosolic or by counting nuclei positive for YAP) increased
significantly with increasing stiffness in LMNA knockdown cells, to a level comparable
to that of control cells (Figure 8-1h). However, knockdown of N1G significantly altered
YAP localization; on 55 kPa gels and on glass, with no change in YAP localization
observed under these conditions (Figure 8-1h). On glass substrates ~90% of LMNA KD
and control cells showed clearly nuclear YAP, whereas those with N1G knockdown, only
~60% of cells showed clear nuclear outlines in the YAP channel (Supplemental Figure
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8-2b). These results suggest that, in undifferentiated mesenchymal stem cells, tension
exerted on the nucleus by the cytoskeleton can regulate mechanosensing through the
YAP pathway.

Figure 8-1: The LINC complex regulates nuclear shape, cytoskeletal tension, and
YAP signaling in MSCs. (a) X-Z confocal images of nuclei in cells infected with
lentivirus expressing RNAi directed at lamin A/C (LMNA), nesprin 1 giant (N1G),
or a scrambled control (Neg) with quantification of nuclear height (b) (mean +/SEM, n=8-11 cells, scale bar =5µm). Vinculin immunostaining of cells on glass after
knockdown (c) with quantification of total adhesion area per cell (d) (mean +/SEM, n=8-11 cells, scale bar = 25µm). Traction stress maps of cells on 5 kPa polyacrylamide gels (e) with quantification of total force per cell (f) (mean +/- SEM,
n=11-27/group, scale bar = 25µm). YAP immunostaining of cells seeded on 5 or 55
kPa fibronectin coated polyacrylamide gels compared to fibronectin coated glass (g)
(scale bar = 25µm) with quantification of the nuclear-to-cytoplasmic staining
intensity (h) based on outlines of the nucleus (DAPI) and actin (Phalloidin) (mean
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+/- SEM, combined data from two independent donors, n=44-55 cells / group). (*
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001)
8.2.2 The LINC complex regulates differentiation.
Since both the YAP pathway (Dupont, Morsut et al. 2011) and lamin A/C (Swift,
Ivanovska et al. 2013) have been shown to regulate differentiation in MSCs, we next
assayed the extent to which knockdown of LMNA or N1G influenced adipogenesis,
osteogenesis, and chondrogenesis of these cells. With adipogenic induction on glass for
14 days, MSCs displayed significantly more adipogenesis (oil red O stained lipid
droplets) with LMNA knockdown compared to control cells (Figure 8-2a), consistent
with previous results (Swift, Ivanovska et al. 2013).

Conversely, N1G knockdown

significantly decreased adipogenesis at this time point in comparison to control cells
(Figure 8-2b), suggesting that the increase in adhesion and contractility resulting from
N1G knockdown is inhibitory to adipogenesis.

When MSCs were cultured under

osteogenic conditions for 21 days, knockdown of LMNA had little effect on osteogenesis
(as assessed by alizarin red staining, Figure 8-2c). Conversely, knockdown of N1G
increased osteogenesis and mineral deposition (Figure 8-2d), despite the fact that these
cells had diminished levels of YAP signaling on glass substrates. This may indicate that
the increased adhesions and contractility, in combination with the remaining YAP
signaling that does occur on glass, is sufficient to drive these cells towards and
osteogenic lineage. Neither knockdown influenced proteoglycan content in MSC micropellets cultured under chondrogenic conditions for 14 days (Supplemental Figure 8-3).
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Figure 8-2: The LINC complex regulates mesenchymal stem cell differentiation.
MSCs were infected with lentivirus expressing RNAi directed at lamin A/C
(LMNA), nesprin 1 giant (N1G), or a scrambled control (Neg). (a) Oil Red O
staining for lipid droplets after 14 days of adipogenic induction with quantification
of percentage of cells with positive staining (b). Alizarin red staining for mineral
deposition after 21 days of osteogenic differentiation (c) with quantification of %
difference in alizarin red staining intensity relative to controls (d) (n=10 regions /
group).

8.3.3 The LINC complex regulates nuclear strain transfer and mechanotransduction
in MSCs.
In addition to its ability to regulate basal nuclear shape, the LINC complex also regulates
the transmission of exogenously applied strains from the cytoskeleton to the nucleus
(Lombardi, Jaalouk et al. 2011). We next assayed the extent to which this occurs in
undifferentiated MSCs.

For this, we employed an aligned electrospun nanofibrous

material coated with fibronectin, which induces cellular alignment and allows for
application of static and dynamic tensile strains (Chapter 7).
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To quantify nuclear

deformation with applied stretch, scaffolds were mounted into a previously described
micro-tensile device mounted atop an epi-fluorescent microscope.

Scaffolds were

stretched in 3% increments to 15% strain with images of Hoechst stained nuclei acquired
at each strain level. Nuclear deformation was quantified using automated Canny edgedetection and a nuclear deformation index was calculated for each cell as in Chapter 7.
This index quantifies the percent increase (positive index) or percent decrease (negative
index) in nuclear deformation relative to the deformation of nuclei in cells treated with
negative control virus. Lagrangian strains between nuclei are calculated as a control, to
ensure equal stretching of all groups (Supplemental Figure 8-4a). With knockdown of
LMNA, larger nuclear deformations were observed compared to control cells, resulting in
a higher nuclear deformation index at 9, 12, and 15% applied strain (Figure 8-3a & 83b). This was also true for the nuclear aspect ratio (Supplemental Figure 8-4b). This is
consistent with previous studies (Lammerding, Schulze et al. 2004) and likely due to the
decreased nuclear mechanical properties associated with a reduction in lamin A/C. Also
consistent with previous work (Lombardi, Jaalouk et al. 2011), knockdown of N1G
resulted in significantly less nuclear deformation at 12 and 15% applied strain (Figure 83b and 8-3c).

Based on our previous results, which showed transfer of strain to the nucleus through Factin was important for the MSC response to dynamic tensile loading (Driscoll 2015), we
next assayed the importance of nesprin 1 giant and lamin A/C in the MSC response to
dynamic stretch. Specifically, we assayed the early response of the ERK1/2 MAPK and
YAP/TAZ pathways. For these experiments a previously described dynamic tensile
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bioreactor was employed (Baker, Shah et al. 2011, Driscoll 2015). With 15 minutes of
dynamic tensile stretch (3% strain, 1Hz), an increase in phosphorylated ERK1/2 was
observed in all groups (Supplemental Figure 8-4c), although N1G knockdown resulted
in slightly higher baseline pERK/ERK such that the fold increase was less under this
condition.

Figure 8-3:
The LINC complex regulates nuclear strain transfer and
mechanotransduction in MSCs. Representative images of Hoechst stained nuclei
(A) at 0 and 15% applied strain for cells treated with lentivirus containing control
(Neg), lamin A/C RNAi (B) or nesprin 1 giant RNAi. Quantification of the nuclear
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deformation index (B) compared to control cells (Neg) (Scale = 10µM). Positive
index indicates deformations larger than control, negative index indicates
deformations less than control. (mean +/-SEM, n=114-149 cells per group).
Simplified schematic representing the nucleus, its lamin A/C network, and the
connections it makes to F-Actin through nesprin 1 giant (C). With less lamin A/C to
resist deformations, larger deformations occur; with less nesprin to connect the
nucleus to the cytoskeleton, smaller deformations occur. Images of YAP (Red) and
DAPI (Blue) stained nuclei (D) on aligned scaffolds with or without 30 minutes of
dynamic tensile loading (DL, 3% strain, 1Hz, scale= 25µm). Quantification of the
nuclear to cytoplasmic ratio of YAP (E) for control (C) or dynamically loaded (DL)
cells. (mean +/- SEM, n=33-41 cells per group) qPCR results for expression of
Aggrecan (F), CTGF (G), and Scleraxis (H) with (white) or without (black) 6 hours
of dynamic loading (DL) (mean +/-SD n=3 samples per group). (Statistical symbols:
# p<0.05 vs. all groups, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, stars
designate differences between indicated groups or compared to unloaded control)
Next, we assessed the YAP signaling response in the context of dynamic stretch with
perturbation of the LINC complex.

YAP staining on aligned scaffolds was evenly

distributed throughout the cytoplasm in non-loaded control cells, likely due to the
restriction of cell spread area due to the fibrous nature of the scaffold and/or the mobility
of individual fibers (making the substrate appear ‘soft’ despite being comprised of stiff
fibers (Baker 2014) (Figure 8-3d). With 30 minutes of dynamic tensile stretch, YAP
localized to the nucleus in control cells (Figure 8-3d) but remained in the cytoplasm in
N1G knockdown cells. Quantification of these images showed a significant increase in
the nuclear-to-cytoplasmic ratio of YAP in control cells with loading that was partially
attenuated with LMNA knockdown and almost completely abrogated with N1G
knockdown (Figure 8-3e).
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8.3.4 Lamin A/C and nesprin 1 giant increase concordantly with age in meniscus cells
allowing for continuous nuclear strain transfer and YAP mechanotransduction
throughout maturation.
With the observation that both lamin A/C and nesprin 1 giant regulate the transmission of
strain in undifferentiated MSCs, we next sought to determine the levels of these proteins
and the role they play in nuclear strain transfer in a differentiated cell type of interest. In
particular, we were interested in meniscal fibrochondrocytes. There is a high prevalence
of knee meniscus injury in the general population and, due to its limited regenerative
capacity, a need for replacement therapies that can restore joint mechanics and prevent
the early onset of osteoarthritis after meniscus injury (Andersson-Molina, Karlsson et al.
2002). Additionally, we were interested in the extent to which these LINC complex
proteins change with meniscus development, as the tissue stiffens and becomes more
organized (Ionescu, Lee et al. 2011). We hypothesized that these changes might regulate
lamin A/C expression, which scales with tissue stiffness over a wide range of tissues and
stiffnesses (Swift, Ivanovska et al. 2013), and so impacts the ability of the nucleus to
deform as a function of maturation state.

Analysis of lamin A/C expression in meniscal fibrochondrocytes (MFCs) isolated from
the inner (I) or outer (O) regions of fetal, juvenile and adult lateral menisci showed a
significant increase in lamin A/C in cells from the outer region of the tissue (Figure 8-4a
and 8-4b). Conversely, cells from the inner meniscus, which develops a greater stiffness
early in gestation, showed similar levels of lamin A/C at each growth stage.
Interestingly, the levels of lamin A/C were increased when cells were expanded to
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passage 3 (Supplemental Figure 8-5a) as cell area increased (Supplemental Figure 85b), resulting in a loss of differences between fetal and adult outer meniscus cells. This
suggests a role for stiffness sensing (expansion on stiff tissue culture plastic) as a
potential regulator of differences in lamin A/C in MFCs. Indeed, previous work has
shown outer meniscus mechanical properties to increase with age (Ionescu, Lee et al.
2011). Lamin A/C levels in very early passage (12-14 days post isolation) juvenile
MSCs were also lower than in adult MFCs (Figure 8-4b).

Consistent with these

findings, the peri-nuclear stiffness (assessed by AFM) of outer meniscus cells also
increased with age (Figure 8-4c). Interestingly, when we assessed other LINC complex
members, we found that levels of N1G (assessed by dot immunoblot following 1MDa
size filtration of whole cell lysate) also increases with age, tissue stiffness and nuclear
stiffness. Nuclear height however, was similar between MFC groups when seeded on
glass, and all were significantly higher than MSCs cultured similarly.

Given that in earlier studies both lamin A/C and nesprin 1 giant contributed to nuclear
strain transfer, we next determined the effect of changes in these LINC complex members
with age on strain transfer in meniscus cells. Interestingly, nuclear deformation with
applied strain showed similar deformations for all MFC age groups (Figure 8-4g), all of
which were significantly lower than what was observed for undifferentiated MSCs
subjected to the same deformations. This may indicate that, with age, MFCs scale lamin
A/C content, nuclear stiffness, and nuclear connectivity together in a concordant fashion,
such that a constant level of nuclear strain transfer is achieved across development states.
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Next, we infected adult MFCs with knockdown viruses directed against LMNA and N1G,
and quantified nuclear deformation with static stretch and YAP response with dynamic
tensile stretch. Similar to results in MSCs, knockdown of LMNA increased nuclear
deformation while knockdown of N1G decreased nuclear deformation (Figure 8-4h).
Interestingly, these knockdowns had a slightly larger impact on the percent change in
deformation than was observed in undifferentiated MSCs, consistent with results showing
that adult MFCs express higher levels of both of these proteins in their basal state
(Figure 8-4b and 8-4e). In terms of mechanotransduction response, YAP was localized
throughout the cell in control cells and moved to the nucleus with dynamic stretch,
resulting in a significant increase in the nuclear to cytoplasmic YAP ratio (Figure 8-4i).
Similar to MSCs, knockdown of N1G in adult MFCs resulted in almost complete loss of
the YAP response to load. Interestingly, knockdown of LMNA in adult MFCs resulted in
higher baseline nuclear localization of YAP, such that with loading, these cells reached
YAP nuclear to cytoplasmic ratio levels similar to those in control cells (Figure 8-4i).
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Figure 8-4: Lamin A/C and nesprin 1 giant increase concordantly with age in
meniscus cells, allowing for continuous nuclear strain transfer and YAP
mechanotransduction throughout maturation. Western blot for lamin A/C and βactin (A) for cells from the inner (I) or outer (O) lateral meniscus of fetal, juvenile,
or adult animals, compared to juvenile MSCs. Densitometry (B) of lamin A/C levels
normalized to β-actin for outer MFCs compared to MSCs (mean +/-SD, n=3/group).
Peri-nuclear modulus measurements taken using AFM (C) for outer MFCs of each
age and undifferentiated MSCs. (mean +/-SEM, n=39-40 cells/group). Dot blot for
nesprin 1 of whole cell lysate after 1MDa size filtration (d) with densitometry (e)
normalized to western blots for beta actin in non-filtered lysate (cropped lanes all
run on the same gel). (mean +/- SD, n=3/group). Quantification of nuclear height (f)
from DAPI z-stacks for outer MFCs and MSCs seeded on glass. Nuclear
deformation on statically strained aligned scaffolds for MSCs and outer MFCs (g)
(mean +/-SEM, n= 162-197 cells/group). Nuclear deformation index for adult outer
MFCs with knockdown of lamin A/C (LMNA) or nesprin 1 giant (N1G). (mean +/SEM, n= 75-106 cells/group). Quantification of the nuclear to cytoplasmic YAP
ratio in adult MFCs after 30 minutes of dynamic loading (i). (mean +/-SEM, n=2134 cells/group).
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8.3.5 Nesprins are regulated by soluble and mechanical differentiation factors.
With the observation that LINC complex components are important for nuclear strain
transfer and mechanotransduction in a cell type of interest for tissue engineered
replacements (meniscus fibrochondrocytes), we next assessed the extent to which
fibrochondrogenic differentiation of MSCs, using soluble (TGF-β) or mechanical
(dynamic tensile loading) differentiation cues, could regulate nesprin. Previously, we had
observed that with one week of TGF-β3 induced differentiation of MSCs on aligned
electrospun scaffolds, a significant reorganization of the lamin A/C network in the
nucleus occurs along with a significant increase in the level of lamin A/C protein.
Similarly, 5 days of dynamic tensile loading (3%, 1Hz, 6 hours per day) brought about
comparable changes in the nucleus (Heo, Nerurkar et al. 2011). Given this observation,
we next determined how nesprin changes with MSC differentiation through soluble or
mechanical means. With either differentiation cue, a significant increase in the mRNA
expression of the cartilage marker aggrecan was observed (Figure 8-5a and 8-5b).
Additionally, a very large increase in expression of nesprin 1 giant mRNA (primers
directed at N1G CH domain) was observed with dynamic loading (Figure 8-5b and 85c), and smaller increases occurred with TGF-β3 induced differentiation. This was
consistently observed for five independent experiments with MSCs isolated from 5
separate donors. Very little change in expression of nesprin 2 giant was observed (Figure
8-2e and 8-2f). Additional primers directed at the KASH domain of these proteins
indicated similar results for nesprin 2, and similar but less significant increases for
nesprin 1 (Supplemental Figure 8-7). This likely indicates that the changes observed
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with loading are indeed for the nesprin 1 giant (actin binding) splice variant, and that
smaller nesprin 1 variants may decrease or maintain expression levels with loading.

Figure 8-5: Nesprin 1 expression is regulated by dynamic tensile loading. qPCR
results for 5 individual bovine donors using primers directed at the cartilage marker
aggrecan (a,b), the N-terminal region of nesprin 1 giant (c,e) and the N-terminal
region of nesprin 2 giant (e,f). Results are shown for each individual donor (a,c,e)
(mean +/- SD n=3/group) and combined for all 5 donors (b,e,f) (mean +/-SEM
n=15/group).
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Next, we quantified protein expression levels in MSCs with or without differentiation
cues. We observed changes in one smaller isoform of nesprin 1 (Figure 8-6a and 8-6b)
and another smaller isoform of nesprin 2 (Figure 8-6c).

With TGF-β induced

differentiation, these two smaller nesprin isoforms increased significantly. Conversely,
with 5 days of dynamic loading, a significant decrease in these same two isoforms was
observed (Figure 8-6b and 8-6c). Further, we found that the smaller isoform of nesprin
1, became more localized to the nucleus with both TGF-β and dynamic loading (Figure
8-6e).

Next, we assessed changes in the larger, actin binding nesprin 1 isoform, nesprin 1 giant.
Analysis of whole cell lysate after 1MDa size filtration indicated a significant increase in
levels of nesprin 1 giant when cells were dynamically loaded for 5 days. Notably, this
change did not occur with differentiation via addition of TGF-β (Figure 8-6d).
Additionally, we found that these changes induced by dynamic loading were dependent
on cytoskeletal tension. When cells were exposed to the ROCK inhibitor Y27632 during
each loading cycle, the increase in nesprin 1 giant was not observed (Figure 8-6d).
When total nesprin 1 was immunoprecipitated and probed for lamin A/C, a decrease in
lamin A/C was observed as a consequence of TGF-β induced differentiation; this change
did not occur with dynamic loading (Figure 8-6f). Together these results indicate that
changes in nesprin occur with both TGF-β and dynamic loading, but that these two
stimuli result in a distinct set of changes in these nuclear structural proteins. With
dynamic loading, nuclei likely form more nesprin connections to the cytoskeleton
(increases in the nesprin 1 giant isoform), and these giant isoforms are more firmly

171

associated with other components of the LINC complex (i.e., lamin A). Conversely, with
soluble factor mediated differentiation, smaller nesprin isoforms predominate, which
don’t bind actin allowing for nuclear strain transfer.

Figure 8-6: Nesprins are regulated by soluble and mechanical differentiation cues.
Western blots (a) for nesprin 1 and nesprin 2 normalized to β-Actin for cells seeded
on aligned scaffolds for 7 days and exposed to either TGF-β or 5 days of dynamic
tensile loading (DL, 6 hrs/day, 1Hz, 3% strain). Densitometry for expression of
nesprin 1β (b) and nesprin 2γ (c) (mean +/- SD, n=9 samples per group from 3
independent donors). Dot blot (d) for nesprin 1 giant (>1MDa) with densitometry
normalized to β-Actin western blot (mean +/- SD, n=3/group). Western blot for
nesprin 1 of nuclear (N) and cytoplasmic (C) fractionated samples (e). Immunoprecipitation of total nesprin 1 (N1) or IgG control with western blot for lamin A/C
(f).
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8.3.6 Differentiation alters YAP mechanotransduction
Since the response of YAP to mechanical loading was regulated by nesprin 1 giant in
both MSCs and MFCs, and the levels of this protein are altered with both soluble and
mechanical differentiation cues, we next addressed the extent to which these changes
alter the YAP response to load. Similar to previous experiments, MSCs were seeded on
aligned scaffolds for 1 week and were exposed to TGF-β or dynamic tensile loading for 5
days to induce differentiation. After this differentiation period, cells were trypsinzed and
re-seeded on fresh fibronectin coated scaffolds for 2 days in a chemically defined media.
For this period, all cells were cultured in the same media and not exposed to mechanical
loading.

Two days after re-seeding, cells were assayed for their YAP mechanical

response to load. Both soluble and mechanical differentiation cues resulted in alterations
in basal cytoskeletal morphology, with increases in cell area observed for both (Figure 87a), whereas these two cues had opposite affects on cellular aspect ratio, with loaded
cells developing a more elongated conformation (Figure 8-7b). Additionally, an increase
in the number of visible stress fibers was observed in both differentiated populations.
Quantification of the average F-actin staining intensity in the cell showed significant
increases with both TGF-β and DL induced differentiation (Figure 8-7c).

In

undifferentiated control cells, YAP was localized evenly throughout the cell (Figure 87d) and with 30 minutes of dynamic loading, YAP localized to the nucleus.
Interestingly, both soluble and mechanical differentiation resulted in a significant
increase in the baseline YAP nuclear localization, such that both were higher than
unloaded control cells.

With loading, TGF-β induced cells displayed a significant

increase in the nuclear to cytoplasmic YAP ratio (Figure 8-7e), maintaining YAP
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sensitivity to mechanical loading. However, cells that had been differentiated with 5
days of dynamic loading were no longer sensitive to mechanical loading, showing no
change in the nuclear to cytoplasmic YAP ratio when loaded (Figure 8-7e).

Figure 8-7: Differentiation alters YAP mechanotransduction. All cells were seeded
on aligned scaffolds for 7 days with control media (control), TGF-β media (TGF-β),
or 5 days of dynamic loading for 6 hours per day (DL). Cells were then trypsinized
and re-seeded onto fresh scaffold in control media prior to staining or stretching.
Quantification of cell area (a), cell aspect ratio (b) and average F-actin staining
intensity (c), based on actin staining of cells on aligned scaffolds. (mean +/- SEM, n=
27-41, ** p<0.01, *** p<0.001, **** p<0.0001). Images of YAP (green) and FActin/DAPI (red/blue) staining (d) on aligned scaffolds with or with out 30 minutes
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of DL in control media (DL). Quantification of the nuclear to cytoplasmic YAP
ratio (e) with (DL) or without loading (C) for cells that had been differentiated
(TGF-β, DL) for 1 week and then reseeded in control media for two days prior to
loading. (mean +/- SEM, n= 27-41 cells / group).
These data suggest that differentiation induced changes in cytoskeletal and nucleoskeletal
structure and composition have the ability to alter the cellular interpretation of a fibrous
matrix and the loads transmitted through it.

With differentiation through either

mechanism, increases in baseline nuclear localization of YAP were observed, indicating a
shift in the cellular interpretation of matrix stiffness. These results also indicate that cells
have the ability, at least in the short term, to remember previous loading experiences and
become desensitized to loading.

Since mechanically differentiated cells displayed

increased expression of N1G, these decreases in sensitivity could be due to lower stress
concentrations at the nuclear envelope (due to load sharing across an increased number of
nesprins). Conversely, cells differentiated through soluble means displayed high YAP
mechanosensitivity, as indicated by very high nuclear localization of YAP when loaded.
This may be due to high stress concentrations at the nuclear envelope, since nuclear
stiffness increases in these cells (Heo, Nerurkar et al. 2011), while N1G decreases.

8.4 Discussion
In this study, we show that forces transmitted through cytoskeletal connections to the
nucleus can regulate the YAP/TAZ mechanosensory pathway.

While traditional

mechanosensory events are thought to occur at the cell surface, this work supports the
growing body of evidence suggesting that transmission of force through the cytoskeleton
and to the nucleus can regulate mechanosensitive molecules within the cytoskeleton and

175

nucleus. With knockdown of the LINC complex component nesprin 1 giant, cytoskeletal
flattening of the nucleus was reduced, despite increases in cellular traction force and
vinculin adhesion area. In turn, this resulted in reduced activation of the YAP/TAZ
pathway with substrate stiffness, which, consistent with previous reports (Swift,
Ivanovska et al. 2013), was not prevented with knockdown of lamin A/C. When cells
were exposed to tensile stretch, knockdown of nesprin 1 giant reduced nuclear
deformation and limited the nuclear translocation of YAP. Lamin A/C knockdown
reduced, but did not prevent, YAP nuclear translocation with loading, despite the fact that
increases in nuclear deformation with stretch were observed. This is potentially due to
decreases in nuclear stress concentrations resulting from a loss in nuclear mechanical
properties with reduced lamin A/C levels.

While the specific cytoskeletal or

nucleoskeletal molecule responsible for YAP mechanical activation is unclear, these data
suggest that cytoskeletal forces exerted on the nucleus can regulate its activation. While
it is known that F-actin is necessary for YAP nuclear localization on stiff substrates, Gactin levels do not regulate YAP (Dupont, Morsut et al. 2011) as they do in other
cytoskeletal mechanotransduction pathways, such as the MKL-1/SRF pathway (Ho,
Jaalouk et al. 2013). What is clear is that the mechanosensory portion of the YAP/TAZ
pathway functions through a non-canonical (i.e. LATS independent) mechanism (Dupont,
Morsut et al. 2011). Given that normal YAP nuclear localization can be achieved on
poly-L-lysine coated substrates, this unknown regulator is likely not a component of
integrin based focal adhesions (Zhao, Li et al. 2012). Rather, forces in the cytoskeleton
itself, or the connections it forms with the nucleus, likely regulate this molecule. It has
been proposed that the LATS independent YAP signaling in response to mechanical
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factors likely requires an unknown serine kinase, which is regulated by force in the
cytoskeleton (Low, Pan et al. 2014). The data presented here suggests that transmission
of force through the cytoskeleton and to the LINC complex is likely important for
regulation of this kinase. Additionally, the observed differences in YAP signaling may
be due to the nesprin 1 giant deficit causing differences in F-actin polymerization or
regulation of F-actin capping and severing proteins, which have been shown to regulate
YAP (Aragona, Panciera et al. 2013).

It is known that YAP nuclear translocation is important for osteogenesis in MSCs and
inhibitory of adipogenesis (Dupont, Morsut et al. 2011). Interestingly, knockdown of
nesprin 1 giant did not enhance adipogenesis or prevent osteogenesis in this study,
despite the reduced nuclear YAP localization under this condition. This may indicate that
the YAP localization that does occur is sufficient to drive osteogenesis, or that the
increases in cellular traction that occur with loss of nesprin 1 giant are able to override
the deficit in YAP signaling. Conversely, and consistent with previously published data
(Swift, Ivanovska et al. 2013), knockdown of lamin A/C enhanced adipogenesis.

Comparisons to differentiated cells from the outer meniscus of the knee indicated that
both lamin A/C and nesprin 1 giant increase with age, as the tissue stiffens. Associated
with these changes, we observed a significant increase in the peri-nuclear stiffness of
these cells. Knockdown of LINC complex components in adult cells resulted in a larger
percent change in nuclear deformation than in MSCs, potentially due to the elevated
levels of both nesprin 1 giant and lamin A/C at baseline. Similar to undifferentiated
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MSCs, these adult cells also displayed a deficit in YAP mechanical activation with
nesprin 1 giant knockdown.

Previously, we reported that fibrochondrogenic differentiation of MSCs on aligned
scaffolds using either soluble TGF-B3 or mechanical loading results in alterations in the
lamin A/C network and increases in expression of lamin A/C, such that levels approach
those of differentiated meniscal fibrochondrocytes. Here we show additional changes in
both large and small nesprin isoforms with both modes of differentiation. With 5 days of
dynamic loading, significant increases in nesprin 1 giant were observed, and this increase
was dependent on transmission of strain through the tensed actin cytoskeleton. However,
with soluble differentiation alone, nesprin 1 giant levels were not increased, and there
was lower association of total nesprin 1 protein with other LINC members. This may
indicate, that to achieve levels of these components comparable to those of differentiated
fibrochondrocytes, mechanical stimulation will be required. When these differentiated
cells were re-seeded on fresh scaffolds in the absence of differentiation factors, YAP was
highly localized to the nucleus. Cells differentiated by soluble means maintained YAP
mechanosensitivity to load, while cells differentiated by mechanical loading were
desensitized to load.

In summary, we have demonstrated that dynamic tensile force transmitted though the
LINC complex can activate the YAP/TAZ pathway. Additionally, nesprin 1 giant levels
increase with development or mechanical differentiation, altering the YAP response to
load. These changes, and an understanding of how they regulate mechanotransduction,
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will be crucially important for success of engineered replacement tissues that are exposed
to dynamically loaded environments.

8.5 Supplemental Figures

Supplemental Figure 8-1: Verification of nesprin 1 giant knockdown by dot blot for
nesprin 1 following 1MDa size filtration of whole cell lysate (a) (mean +/-SD
n=3/group). Verification of lamin A/C knockdown by immunostaining of lamin A/C
(b) and western blot for lamin A/C (c).

Supplemental Figure 8-2: Quantification of cell area on polyacrylamide substrates
of various stiffness and glass (G) based on F-actin staining (a) (mean +/- SEM, n=2130 cells / group). Quantification of the percent of cells with clear nuclear outlines of
YAP (b) (mean +/- SD, n=3 independent experiments).
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Supplemental Figure 8-3: Sulfated glycosaminoglycan content (s-GAG) in cell
micro-pellets (10k cells/pellet) cultured under chondrogenic conditions for 2 weeks.
(mean +/- SD, n=3 samples/group, 2 pellets per sample)

Supplemental Figure 8-4: (a) Lagrangian strains calculated for triads of Nuclei
(performed as a control) (mean +/- SD, n=3-4 scaffolds per group). (b) Nuclear
deformation (calculated as aspect ratio of the nucleus normalized to undeformed
control) (mean +/-SEM, n=54-89 cells/group). (c) Densitometry of western blots for
phosphorylated ERK (pERK) normalized to total ERK with representative blot
(mean +/- SD n=2-3/group).
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Supplemental Figure 8-5: Western blot (a) for lamin A/C in very early passage (p0)
or later passage (p3) fetal (F) and adult (A) MFCs. Quantification of cell area from
early passage and later passage cells (b). (mean +/- SEM n=69-94 cells/group, **** =
p<0.0001)

Supplemental Figure 8-6: qPCR results for aggrecan expression in fetal or adult
outer lateral MFCs compared to MSCs. Cells were seeded on scaffold for 2 days in
chemically defined media then loaded on two consecutive days for 6 hours per day
(3% strain, 1Hz).
Data combined for two independent experiments with
independent donors. (mean +/- SD, n=6 / group) (** p<0.01 vs Control, *** p<0.001
vs. Control)
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Supplemental Figure 8-7: qPCR results for primers directed at the KASH domain
of nesprin 1 (a) or 2 (b) (SUN binding domain in Giant and many smaller nesprins).
Cells were seeded on scaffold for 2 days in chemically defined media then
differentiated by loading on 5 consecutive days for 6 hours per day (3% strain, 1Hz)
or by induced by treatment with TGF-β3 . Data combined for three independent
experiments with independent donors. (mean +/- SD, n=9 / group) (* p<0.05)
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CHAPTER 9: SUMMARY AND FUTURE DIRECTIONS
9.1 Summary
Cells possess a variety of mechanotransduction mechanisms (outlined in Chapter 2),
many of which regulate development, homeostasis and degeneration of the organized
matrices that make up functional tissues.

Fiber-reinforced tissues often degenerate,

requiring removal, repair or replacement. Both tissue structure and cellular attributes can
regulate mechanotransduction, since mechanical loads are transmitted from the structural
network of proteins outside of the cell (the extracellular matrix), through cell adhesions,
to the structural network of proteins within the cell (the cytoskeleton), eventually
reaching

the

nucleus

(via

transmission

through

the

LINC

complex).

Mechanotransduction occurs at each of these levels, often through forced unfolding of
proteins within these networks.

Therefore, appropriate mechanotransduction in

engineered tissues and cells will likely require replication of the protein networks that
facilitate this multi-scale strain transfer. Using a variety of mechanical testing modalities
at each of these scales, this work has investigated mechanical aspects of both
mesenchymal stem cells and the engineered microenvironments that regulate their
behavior.

In chapters 4 and 5 the extent to which engineered fibrocartilage matches native tissue
shear and multi-directional mechanical properties was investigated.

These chapters

demonstrate that a previously described structural mechanism of inter-lamellar shearing
in uniaxial tension, which acts to stiffen engineered laminates, is functional in biaxial
tension. With time in culture, laminates engineered to have opposing lamellar orientation
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(mimicking native annulus fibrosus) displayed increased biaxial mechanical properties
compared to constructs with parallel lamellar orientation. Shear mechanical properties
were found to exceed native tissue values and biaxial mechanical properties approached
those of native tissue. However mechanical non-linearity in engineered constructs was
significantly lacking.

To address the issue of non-linearity in nanofibrous scaffolds, Chapter 6 described an
approach for patterning crimped structure into aligned scaffolds. This method is able to
significantly increase scaffold mechanical non-linearity, also impacting micro-scale
Lagrangian strains, nuclear orientation and the level of nuclear elongation with stretch.
Further, these crimped scaffolds increase the ERK1/2 mechanotransduction response in
mesenchymal stem cells with applied stretch.

One of the key regulators of mechanotransduction and transfer of strain to the nucleus is
the actin cytoskeleton and the tension within it.

In Chapter 7, the importance of

cytoskeletal tension in regulating strain transfer to the nucleus was assessed.
Additionally, the role that this cytoskeletal strain transfer plays in the mechanical
activation of the YAP/TAZ pathway with tensile loading was investigated. This work
showed that while some mechano-active signaling pathways (e.g. ERK signaling) can be
activated in the absence of nuclear strain transfer, cytoskeletal strain transfer to the
nucleus is essential for activation of the YAP/TAZ pathway with stretch.
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Based on the results from Chapter 7, which indicated nuclear strain transfer was
necessary for YAP activation with stretch, Chapter 8 addressed the extent to which this
strain transfer and YAP activation is facilitated by the LINC complex components
nesprin 1 giant and lamin A/C. This chapter identified nesprin 1 giant as a regulator of
nuclear height, cellular adhesion size, cellular traction force, and YAP signaling in
response to both substrate stiffness and dynamic tensile loading in MSCs. Comparison to
differentiated fetal, juvenile, and adult fibrochondrocytes indicated that both lamin A/C
and nesprin 1 giant increase with age as nuclear stiffness and tissue stiffness increase,
surpassing levels in MSCs.

Interestingly, nesprin 1 giant also regulated the YAP

response to dynamic loading in adult meniscus cells. Fibrochondrogenic differentiation
of MSCs by mechanical loading resulted in changes in nesprin 1 giant. These loadinduced changes were dependent on cytoskeletal contractility and did not occur with
differentiation using soluble TGF-β3. Changes that occurred with mechanical or soluble
differentiation, increased basal YAP nuclear localization on aligned scaffolds. And, in
the case of mechanically induced differentiation, the YAP response to loading was
desensitized.

Combined, these results point to a nuclear mechanotransduction mechanism in MSCs that
functions through the YAP/TAZ pathway and is dependent on the transmission of force
to the nuclear envelope through the LINC complex. Further, these result indicate that
differentiated MSCs fail to match meniscal cells with respect to nesprin 1 giant and
lamin, but that stimulation by mechanical loading may provide the cues necessary for
increases in nuclear linkage to the cytoskeleton. With the importance of mechanical
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factors, and specifically the YAP/TAZ pathway, in tissue development and homeostasis,
a detailed understanding of the molecular mechanisms which regulate this signaling
pathway, and the extent to which they are recapitulated in engineered tissues, will be of
primary importance for fabrication of functional engineered replacements that are
maintained within dynamically loaded environments through a lifetime of use.

9.2 Limitations and Future Directions
9.2.1 Specific Molecular Regulators of YAP/TAZ Signaling With Stretch
While our results show that YAP signaling is regulated by cytoskeletal-to-nuclear strain
transfer, one limitation of this work is that the specific cytoskeletally or nucleoskeletally
associated molecule, which functions to sense force and drive YAP to the nucleus, is still
unknown. While it is known that F-actin is necessary for YAP nuclear localization on
stiff substrates, G-actin levels do not regulate YAP (Dupont, Morsut et al. 2011) as they
do in other cytoskeletal mechanotransduction pathways, such as the MKL-1/SRF
pathway (Ho, Jaalouk et al. 2013). What is clear is that the mechanosensory portion of
the YAP/TAZ pathway functions through a non-canonical (i.e. LATS independent)
mechanism (Dupont, Morsut et al. 2011). In the canonical Hippo pathway, YAP is
phosphorylated by LATS, which causes it to be restricted to the cytoplasm. When LATS
is not active, YAP localizes to the nucleus. Since the mechanical regulation of YAP
functions independent of LATS (Dupont, Morsut et al. 2011), this points to some other
molecular pathway by which YAP is sensitive to mechanical stimuli (Low, Pan et al.
2014). Given that normal YAP nuclear localization can be achieved on poly-L-lysine
coated substrates, this unknown regulator is likely not a component of integrin based
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focal adhesions (Zhao, Li et al. 2012). Rather, forces in the cytoskeleton itself, or the
connections it forms with the nucleus, likely regulate this molecule (Figure 9-1).
Interestingly, extensive polymerization of F-Actin (through modulation of the actin
regulating proteins cofilin, Capz, and gelosin) can cause nuclear localization of YAP
through inhibition of the canonical hippo pathway (LATS dependent). However, it has
been proposed that the LATS independent YAP signaling in response to mechanical
factors likely requires an unknown serine kinase, which is regulated by force in the
cytoskeleton (Low, Pan et al. 2014).

There are numerous proteins that localize to the LINC complex, including many other
nesprin isoforms and splice variants, SUN proteins embedded in the inner nuclear
membrane, and Emerin associated with lamin A/C at the inner nuclear membrane. A
number of these proteins are known to be mechanosensitive, including Emerin (Guilluy,
Osborne et al. 2014) and lamin A/C, with phosphorylation occurring in a force dependent
manner or substrate stiffness dependent manner. Further, defects in Emerin result in
decreased YAP nuclear localization on high stiffness (Guilluy, Osborne et al. 2014) and
defects in lamin A/C increase YAP nuclear localization in three dimensional matrices
(Bertrand, Ziaei et al. 2014). While most of these structural proteins of the nuclear
envelope do not themselves have any enzymatic activity, they likely serve as scaffolds for
other enzymes (Pare, Easlick et al. 2005, Warren, Tajsic et al. 2009, Neumann, Schneider
et al. 2010, Burke and Stewart 2014). These previously published results, in combination
with the data presented in this thesis, indicate that a mechano-regulatory element of the
YAP/TAZ pathway is dependent on forces transmitted through the LINC complex and to
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the nucleus (Figure 9-1). This regulation requires both patent actin stress fibers (Chapter
7) and nesprin 1 giant connections that they make to the nuclear envelope (Chapter 8).

Figure 9-1: Mechanical Regulation of non-canonical YAP Signaling. In the
canonical Hippo signaling pathway, YAP is phosphorylated by LATS and restricted
to the cytoplasm by 14-3-3. When LATS is inactive, YAP can translocate to the
nucleus and regulate transcription with TEAD. However, mechanical regulation of
YAP has been shown to function in a LATS independent manner, leading some to
propose that another unknown serine kinase is regulating YAP. Proteins that
regulate F-actin (downstream of Rho) are known to regulate YAP, potentially
through this mechanism. Additionally, data shown in Chapters 7 and 8 indicate
that forces in the LINC complex may also regulate F-actin or directly regulate the
unknown kinase upstream of YAP. For simplicity YAP is not shown as a complex
with TAZ, but TAZ translocates to the nucleus with YAP.
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9.2.2 Nanoscale Structure of the LINC Complex
While it is known that nesprins localize to the nucleus and other organelles, connecting
them to the cytoskeleton, the nanoscale structure of these connections is unclear. SUN
proteins are known to form as trimeric binding partners for nesprins at the inner nuclear
membrane (Sosa, Rothballer et al. 2012) and these proteins interact with the nesprin
KASH domains that are embedded in the outer nuclear membrane. It has also been
previously observed that F-actin stress fibers passing over and under the nucleus display
increased staining for LINC complex components (Nagayama, Yamazaki et al. 2014).
Some have speculated that nesprins lie flat on the nucleus, forming a meshwork of
connections to the actin stress fibers, which pass near the outer nuclear envelope. It has
been observed that labeling the N and C terminal ends of nesprin results in two distinct
networks at the outer nuclear membrane (Cartwright and Karakesisoglou 2014).
However the exact nano-scale structure of these components is unclear.

Imaging of cellular structure on this scale can be difficult. Traditional light microscopy
has limited resolution (ability discern two particles very close together) due to the
wavelength of the light being used.

The theoretical resolution limit at even short

wavelengths is around 150 nanometers in the lateral dimension. However, a number of
very elegant approaches have been developed over the last 8 years to circumvent this
issue, including PALM, FPALM, and STORM. These “super-resolution” techniques rely
on the fact that a single fluorescent point on a dark background can be localized to a
much higher resolution (tens of nanometers) when fit with a two-dimensional Gaussian.
Thus, by only activating a small portion of molecules at any given time, high-resolution
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localization of the particles can be achieved.

To do this, molecules that undergo

stochastic activation after being photo bleached are used. One such molecule that works
very well for this application is the Alexa-fluor 647 fluorescent molecule. By collecting
videos with many frames (thousands) of spontaneously activating Alexa-fluor 647
molecules, then analyzing and fitting Gaussians to each point, images can be compiled
from hundreds of thousands of individual points, each representing a labeled molecule.

Figure 9-2:
High-resolution 2D Direct Stochastic Optical Reconstruction
Microscopy (D-STORM) images of nesprin 1 nanostructure at nuclear envelope.
Wide Field and STORM images of Alexa-Fluor 647 stained nesprin 1 in bovine
MSCs. Dots on the zoomed-in image (green) indicate labeled nesprin molecules.
nesprin molecules were found to form clustered staining nodules that localize
heavily to the nuclear envelope and along stress-fiber induced indentations in the
nucleus (scale bars indicate 5µm (white boxes), 1µm (blue and red boxes), or 500nm
(green box).
In preliminary experiments, we have used this technique to acquire images of nesprin 1 in
MSCs (Figure 9-2). Even with wide-field TIRF microscopy, nesprin can be observed to
localize more heavily to the nuclear envelope and the stress fibers that pass over it. With
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higher resolution STORM imaging, nesprin is observed to form punctate clusters, some
of which localize to the nuclear envelope and to the edges of stress fibers that press down
into the nucleus (Figure 9-2). Further experiments using this technique will be helpful
for understanding the exact structure of these nesprin connections to the nucleus and how
they change with development and differentiation, mediated by soluble and mechanical
differentiation cues.

9.2.3 Additional Regulators of Nuclear Connectivity to Cytoskeletal Elements
Another limitation to this study is that additional isoforms of nesprin exist, some of
which possess the ability to connect to cytoskeletal elements, including F-Actin (nesprin
2 giant), intermediate filaments (nesprin-3) and microtubules (nesprin-4). These may
also be important for this nuclear mechanotransduction mechanism, providing additional
routes by which force can be transmitted to the nuclear envelope.

While previous

experiments from our lab indicated that microtubules and intermediate filaments were
dispensable for transfer of strain to the nucleus (Nathan, Baker et al. 2011), these
elements may provide other nuclear mechanotransduction mechanisms through nesprin 3
and nesprin 4.

Interestingly, nesprins 1 and 2 both interact with F-actin (Lombardi and Lammerding
2011). These two isoforms are paralogs, with a high degree of evolutionary conservation
across a variety of species ranging from insects to mammals (Simpson and Roberts
2008). In vertebrates these two nesprin isoforms are thought to have arisen from ancient
duplications and rearrangements. Further, knockout mouse models have shown that loss
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of both nesprin 1 and nesprin 2 isoforms is embryonically lethal (Zhang, Xu et al. 2007),
while loss of a single isoform is not but results in defects of the nervous and
musculoskeletal systems (Zhang, Felder et al. 2010). This may indicate some overlap in
functionality between nesprin 1 and 2. Similarly, SUN 1 and 2 isoforms, which function
to link nesprins to the nucleus, have partially redundant roles (Lei, Zhang et al. 2009).
Overall, these data indicate that strain transfer is likely not dependent on a single protein,
but that the importance of these proteins has lead to evolutionary duplication, providing
redundancy in protein function.

9.2.4 Long Term Maintenance of LINC Complex Changes with Differentiation
While changes in nesprin 1 giant were observed with loading induced differentiation of
MSCs, the extent to which theses changes persist with time is unclear. Based on the
findings in this thesis, these changes and their persistence will be an important regulator
of MSC mechanotransduction in engineered environments.

If maintenance of these

changes is to be achieved, this will likely involve alterations in chromatin structure
regulating the epigenetic phenotype of MSCs and their expression of LINC complex
components.

Recent work by Sujin Heo in our lab has indicated that changes in both lamin A/C and
chromatin structure can result from extended dynamic loading or TGF-β induced
differentiation. Interestingly, dynamic loading is able to more rapidly induce chromatin
changes, with multiple loading bouts resulting in additive changes to chromatin structure
that are maintained for longer periods of time after removal of the stimulus (multiple
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days). Early results have heavily implicated purinergic calcium signaling through ATP
release in this chromatin response, however we have observed that addition of soluble
ATP can also drive YAP localization to the nucleus, indicating potential overlap in these
pathways. Additionally, this chromatin condensation is dependent on force transmission
through the tensed cytoskeleton, with ROCK inhibition preventing early chromatin
condensation. Future work should look to identify the extent to which changes in LINC
complex expression and chromatin condensation are maintained after longer-term
removal (weeks, months) of stimuli. If cells are to be successfully engineered to function
appropriately in mechanically loaded environments, these types of changes must be
maintained.

In preliminary work, the reduced nuclear deformation observed with TGF-β induced
differentiation is maintained for at least short periods of time after removal of TGF-β.
When cells differentiated for 14 days were trypsinized and reseeded on fresh scaffolds in
the absence of TGF- β3, nuclear deformation was still significantly reduced (Figure 93A). Interestingly, these deformations were reduced to levels significantly lower than in
fetal, juvenile, or adult outer meniscus cells. Quantification of the levels of lamin A/C
and nesprin 1 giant in these cells indicated that both were lower than in donor matched
juvenile controls (Figure 9-3B and 9-3C).

This may indicate an overshoot, or

inappropriate LINC complex changes, whereby the balance of nesprin 1 giant and lamin
A/C (i.e., the ratio of lamin to nesprin) is moving from a nesprin dominated ratio (more
deformation) to a lamin dominated ratio (less deformation). Meniscus cells however,
seem to maintain deformation and the balance between these two LINC complex
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members, likely due to maintenance of this ratio with development. This suggests that in
native tissue, nuclear deformation is a fundamental feature of the differentiated
phenotype, and therefore something to be replicated in any engineered construct.

Figure 9-3: (A) Quantification of nuclear deformation (based on nuclear aspect
ratio (NAR)) for cells differentiated on aligned scaffolds for 14 days in chemically
defined media with CM(+) or without CM(-) TGF-β3 compared to first passage cells
from fetal, juvenile and adult outer lateral meniscus. Densitometry from western
blots for lamin A/C (B) or dot blots for nesprin 1 giant (C) in Juvenile outer
meniscus cells or differentiated donor matched MSCs. (mean +/-SD, n=2-3/group)

9.2.5 Mechanotransduction in Mature Engineered Constructs
In addition to understanding the permanence of the changes observed with differentiation,
their role in mechanotransduction as constructs mature will also be important. While the
fibrous microenvironments used in this thesis possess similar structure to native tissues,
their structure is far from identical. Previous work has demonstrated that with long-term
maturation of cells seeded on these scaffolds, a dense fibrous matrix of collagen and
proteoglycan is deposited, which cells are in intimate contact with (Baker, Shah et al.
2012). Given that mechanotransduction is heavily dependent on both ECM structure and
composition, mechanotransduction in these more mature environments will likely be
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altered.

The cellular ability to modulate and maintain the integrity of this mature

construct with loading will be critical for success of these tissue-engineering strategies.

9.3 Conclusion
Forces that cells experience through their microenvironment are critically important for
mechanotransduction necessary for normal development and homeostasis. Additionally,
the extent to which these forces are transmitted deep within the cell and to the nucleus
can regulate mechanotransduction. A complete understanding of these mechanisms, and
the extent to which they are operative and malleable with differentiation, will be
necessary for long-term success of fabricated tissue replacements. In particular, tissues
that function to transmit and resist mechanical loads will heavily depend on these
mechanisms to functionally maintain the structure and composition of their extracellular
matrix.
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